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Preface
Recent years have seen increasing interest in the application of simple, rapid, inexpensive and disposable electrochemical sensors for use in the fields of clinical, environmental or industrial analysis. Biosensors and chemical sensors represent analytical devices that utilise the sensitivity and selectivity of a biomaterial, chemical compound or
a combination of both attached onto the surface of a physical transducer for sensing
purposes. This book is an attempt to highlight current research issues in the field of
biosensors on the topics of health, environment and biosecurity. It is divided into three
sections with headings of current trends and developments; materials design and developments; and detection and monitoring. The book will provide valuable reference
and learning material to other researchers and students in the field, with the references
at the end of each chapter serving as guidance to further reading material. My sincere
gratitude is expressed to the contributing authors for their hard work and dedication.
Vernon S. Somerset, Ph.D
Senior Researcher
Water Ecosystems and Human Health RG
Natural Resources and the Environment (NRE)
Cape Town,
South Africa
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Biosensors for Environmental Applications
Lívia Maria da Costa Silva,
Ariana Farias Melo and Andréa Medeiros Salgado

Laboratory of Biological Sensors/EQ/UFRJ Biochemical Engineering Department,
Chemistry School, Technology Center, Federal University of Rio de Janeiro, Rio de Janeiro
Brazil
1. Introduction
The increasing number of potentially harmful pollutants in the environment calls for fast
and cost-effective analytical techniques to be used in extensive monitoring programs.
Additionally, over the last few years, a growing number of initiatives and legislative actions
for environmental pollution control have been adopted in parallel with increasing scientific
and social concern in this area [1-4]. The requirements for application of most traditional
analytical methods to environmental pollutants analysis, often constitute an important
impediment for their application on a regular basis. The need for disposable systems or tools
for environmental applications, in particular for environmental monitoring, has encouraged
the development of new technologies and more suitable methodologies. In this context,
biosensors appear as a suitable alternative or as a complementary analytical tool. Biosensors
can be considered as a subgroup of chemical sensors in which a biological mechanism is
used for analyte detection [1,3-4].
A biosensor is defined by the International Union of Pure and Applied Chemistry (IUPAC)
as a self-contained integrated device that is capable of providing specific quantitative or
semi-quantitative analytical information using a biological recognition element (biochemical
receptor), which is retained in contact direct spatial with a transduction element [5].
Biosensors should be distinguished from bioassays where the transducer is not an integral
part of the analytical system [4-7]. Biosensing systems and methods are being developed as
suitable tools for different applications, including bioprocess control, food quality control,
agriculture, military and in particular, for medical applications.
Biosensors are usually classified according to the bioreceptor element involved in the
biological recognition process (e.g., enzymes, immunoaffinity recognition elements, wholecells of micro-organisms, plants or animals, or DNA fragments), or according to the
physicochemical transducer used (e.g., electrochemical, optical, piezoelectrical or thermal).
The main classes of bioreceptor elements that are applied in environmental analysis are
whole cells of microorganisms, enzymes, antibodies and DNA. Additionally, in the most of
the biosensors described in the literature for environmental applications electrochemical
transducers are used [5].
For environmental applications, the main advantages offered by biosensors over
conventional analytical techniques are the possibility of portability, miniaturization, work
on-site, and the ability to measure pollutants in complex matrices with minimal sample
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preparation. Although many of the developed systems cannot compete yet with
conventional analytical methods in terms of accuracy and reproducibility, they can be used
by regulatory authorities and by industry to provide enough information for routine testing
and screening of samples [1,3,8].
Biosensors can be used as environmental quality monitoring tools in the assessment of
biological/ecological quality or for the chemical monitoring of both inorganic and organic
priority pollutants. In this review article we provide an overview of biosensor systems for
environmental applications, and in the following sections we describe the various
biosensors that have been developed for environmental monitoring, considering the
pollutants and analysis that are usually mentioned in the literature.

2. Heavy metals
Heavy metals are currently the cause of some of the most serious pollution problems. Even
in small concentrations, they are a threat to the environment and human health because they
are non-biodegradable. People are constantly been exposed to heavy metals in the
environment [8-9]. The dangers associated with heavy metals are due to the ubiquitous
presence of these elements in the biosphere, their bioavailability from both natural and
anthropogenic sources, and their high toxicity. Thus, there are several cases described in the
literature where exposure of populations to these pollutants has resulted in severe damage
to their health, including a significant amount of deaths. The metal contaminants most
commonly observed in the environment are: lead, chromium, zinc, mercury, cadmium and
copper [10-11].
Conventional analytical techniques for heavy metals (such as cold vapour atomic absorption
spectrometry, and inductively coupled plasma mass spectrometry) are precise, but suffer
from the disadvantages of high cost, the need for trained personnel and the fact that they
need to be performed in the laboratory [9]. For the reasons cited earlier, biosensors are being
developed and utilized for monitoring heavy metal concentrations in environmental
samples [9,12-14]. Furthermore, their biological basis makes them ideal for toxicological
measurement of heavy metals, while conventional techniques can only measure
concentrations [15].
Many of the bacterial biosensors developed for analysis of heavy metals in environmental
samples, make use of specific genes responsible for bacterial resistance to these elements,
such as biological receptors. Bacterial strains resistant to a number of metals such as zinc,
copper, tin, silver, mercury and cobalt have been isolated as possible biological receptors
[16-18]. The metal resistance of these genes is induced only when the element reaches the
bacteria’s cytoplasm. The specificity of this resistance mechanism contributes to the
construction of cell biosensors for detection of metals from the fusion of these resistance
genes with genes encoding bioluminescent proteins, for example, luciferin. In this case, the
production of light, which can be measured by luminometers and photometers, indicates the
presence of a heavy metal in the sample [9,17].
Enzymatic methods are also commonly used for metal ion determination, since these can be
based on the use of a wide range of enzymes that are specifically inhibited by low
concentrations of certain metal ions [19-20]. Domínguez-Renedo et al. [21] developed
enzymatic amperometric biosensors for the measurement of Hg+2, based on the inhibitory
action of this ion on urease activity. They used screen-printed carbon electrodes as support
and screen-printed carbon electrodes modified with gold nanoparticles. The same enzyme
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was used by Kuswandi [22] in the development of a simple optical fibre biosensor for the
determination of various heavy metal ions: Hg(II), Ag(I), Cu(II), Ni(II), Zn(II), Co(II) and
Pb(II). Durrieu and Tran-Minh [23] developed an optical biosensor to detect lead and
cadmium by inhibition of alkaline phosphatase present on the external membrane of
Chlorella vulgaris microalgae, used as biological recognition element. Moreoever, a
biosensor with microalgae Tetraselmis chui was developed for the voltammetric
measurement of Cu+2 for Alpat et al. [24]. The developed algae-based biosensor was also
successfully applied to the determination of copper (II) in real sample and the results were
confirmed when compared to those obtained by atomic absorption spectrophotometric
method. Table 1 lists some examples of biosensors developed for heavy metal determination.
Analyte
Zinc, copper,
cadmium and
nickel
Cadmium

Recognition
biocomponent
Pseudomonas fluorescens
10586s pUCD607 with
the lux insertion on a
plasmid
DNA

Transduction
system

Matrix

Ref.

Optical
(luminometer)

Soil

[25]

Electrochemical

Standard solutions [26]

Optical (localized
surface plasmon Standard solutions [27]
resonance)

Cadmiun

Phytochelatins

Mercury, cadmium
and arsenic

Urease enzyme

Electrochemical

Standard solutions [28]

Bacillus sphaericus strain
MTCC 5100

Electrochemical

Industrial effluents
[29]
and foods

Chlorella vulgaris strain
CCAP 211/12

Electrochemical

Urban waters

[30]

Cadmiun

Escherichia coli RBE23-17

Electrochemical

Wastewater

[31]

Zinc, cobalt and
copper

Pseudomonas sp. B4251,
Bacillus cereus B4368 and
E. coli 1257

Electrochemical

Water

[32]

Optical

Water

Nickel ions
Zinc, copper,
cadmium, nickel,
lead, iron and
aluminum

Mercury (II) and
DNA
lead (II) ions
Copper (I) and (II) DsRed (red fluorescent)
ions
protein
Cadmium, copper Sol-gel-immobilizedand lead
urease

Optical
Electrochemical

[33]

Standard solutions [34]
Synthetic
effluents

[35]

Table 1. Examples of biosensors developed for heavy metal determination.

3. Biochemistry Oxygen Demand (BOD)
Biochemical oxygen demand (BOD or BOD5) is a parameter widely used to indicate the
amount of biodegradable organic material in water. Its determination is time consuming,
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and consequently it is not suitable for online process monitoring. Fast determination of BOD
could be achieved with biosensor-based methods. Most BOD sensors rely on the
measurement of the bacterial respiration rate in close proximity to a transducer, commonly
of the Clark type (an amperometric sensor developed by Clark in 1956 for measuring
dissolved oxygen) [2].
BOD biosensors are the most common commercial biosensors for environmental
monitoring. The first commercial BOD sensor was produced by the Japanese company
Nisshin Electric in 1983 and a number of other commercial BOD biosensors based on
microbial cells are being marketed by Autoteam GmbH, Medingen GmbH and Dr. Lange
GmbH in Germany; Kelma (Belgium); Bioscience, Inc. and US Filter (USA) [2,4,12].
Nakamura and Karube [36] developed a system for measuring BOD from cells of
recombinant Escherichia coli with Vibrio fisheri genes lux AE. With this system the real time
analysis of multiple samples was possible. These handy devices have been marketed
primarily for food and pharmaceutical industries. Moreover, an optical biosensor for
parallel multi-sample determination of biochemical oxygen demand in wastewater samples
has been developed by Kwok et al. [37]. The biosensor monitors the dissolved oxygen
concentration in artificial wastewater through an oxygen sensing film immobilized on the
bottom of glass sample vials. Then, the microbial samples were immobilized on this film
and the BOD value was determined from the rate of oxygen consumption by the
microorganisms in the first 20 minutes.

4. Nitrogen compounds
Nitrites are widely used for food preservation and for fertilization of soils. However,
continuous consumption of these ions can cause serious implications on human health,
particularly because it can react irreversibly with hemoglobin [38]. The increasing levels of
nitrate found in groundwater and surface water are of concern because they can harm the
aquatic environment. In line with this, the regulations for treatment of urban wastewater in
order to reduce pollution, including pollution by nitrates, from sewage treatment works of
industrial and domestic, have been implemented [2].
Chen et al. [39] developed a biosensor for amperometric determination of nitrite using
cytochrome c nitrite reductase (ccNiR) from Desulfovibrio desulfuricans immobilized and
electrically connected on a glassy carbon electrode by entrapment into redox active [ZnCrAQS] double layered hydroxide containing anthraquinone-2-sulfonate (AQS). The
instrument showed a fast response to nitrite (5 seconds) with a linear range between
concentrations of nitrite 0.015 and 2.35 μM and a detection limit of 4nM.
A highly sensitive, fast and stable conductimetric enzymatic biosensor for the determination
of nitrate in waters was described in Wang et al. [40-41]. Conductimetric electrodes were
modified by methyl viologen mediator mixed with nitrate reductase from Aspergillus niger
by cross-linking with glutaraldehyde in the presence of bovine serum albumin and Nafion®
cation-exchange polymer, allowing retention of viologen mediator. A linear calibration
curve in the range of 0.02 and 0.25 mM with detection limits of 0.005 mM nitrate was
obtained. When stored in pH 7.5 phosphate buffer, the sensors showed good stability over
two weeks. Moreover, Khadro et al. [42], developed an enzymatic conductimetric biosensor
for the determination of nitrate in water, validated and used for natural water samples. The
instrument was based on a methyl viologen mediator mixed with nitrate reductase from
Aspergillus niger and Nafion® cation-exchange polymer dissolved in a plasticized PVC
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membrane deposited on the sensitive surface of interdigitated electrodes. When stored in
phosphate buffer pH 7.5 at 4°C, the sensor showed good stability over 2 months.

5. PCBs
Polychlorinated biphenyls (PCBs) are toxic organic compounds [43-44] that are ubiquitous
environmental pollutants, even though their production was banned in several countries
many years ago [44]. It is currently assumed that food is the major source of the PCB
exposure since PCBs are highly lypophilic and accumulate in the food chain, so foods of
animal origin are an important source of exposure. The level of PCBs in the environment
depends on the matrix where it originated [43,45].
There are 209 polychlorinated biphenyl congeners that persist worldwide in the
environment and food chain. These congeners are divided into three classes based upon the
orientation of the chlorine moieties, i.e., coplanar, mono-ortho coplanar, and non-coplanar
[43]. Conventional techniques used for the analysis of PCBs are generally based on gas
chromatography coupled with mass spectrometry (GC.MS) [43,45]. Alternative techniques
based, for example, on immunoassays, are inexpensive and rapid screening tools for sample
monitoring in laboratory and field analysis. Moreover, immunoassays are simple, sensitive,
reliable, and relatively selective for PCBs testing. Among several immunoassay techniques,
the enzyme-linked immunosorbent assay (ELISA) combined with colorimetric end-point
detection are the most popular. Another interesting approach is the use of immunosensor
technology [45]. Imunosensors are a class of biosensors that use as biological recognition
elements, antibodies or antigens [45]. Pribyl et al. [44] developed a novel piezoelectric
immunosensor for determination of PCB congeners in the range of concentrations usually
found in real matrices (soil). The presented method allows one to carry out analysis of
extracts directly without any additional purification steps. Moreover Gavlasova et al. [45]
had a successful application of a sol-gel silica entrapment of viable Pseudomonas sp. P2 cells
for constructing low-cost sensors for environmental monitoring using real soil.

6. Phenolic compounds
A considerable number of organic pollutants, which are found widely distributed in the
environment, have phenolic structures. Phenols and their derivatives, are well known
because of their high toxicity and are common compounds in industrial effluents, coming
from the activities related to production of plastics, dyes, drugs, antioxidants, polymers,
synthetic resins, pesticides, detergents, desinfectants, oil refinery and mainly pulp and
paper [46].
Several substituted phenols, such as chloro- and nitrophenols, are highly toxic to humans
and aquatic organisms [47-48]. These two groups of substituted phenols are the main
degradation products of organophosphorus pesticides and chlorinated phenoxyacids. Even
at small concentrations (< 1 ppm), phenolic compounds affect the taste and odor of drinking
water and fish [47]. Many of these compounds have toxic effects in animals and plants,
because they easily penetrate the skin and cell membranes, determining a wide range of
genotoxicity, mutagenicity, hepatotoxic effects, and affect the rate of biocatalyzed reactions,
and the processes of respiration and photosynthesis [2]. Thus, phenols and specially their
chlorinated, nitro and alkyl derivatives have been defined as hazardous pollutants due to
their high toxicity and persistence in the environment, and are found in the list of hazardous
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substances and priority pollutants of the EC (European Commission) and the U.S.
Environmental Protection Agency (EPA).
The toxic pollutants in wastewater usually interact with DNA, leading to the damage to
human health, but these very interactions between these toxic pollutants and DNA can be
used in electrochemical DNA biosensors, generating a response signal, thus providing an
effective approach for rapid screening of pollutants. Based on this principle, various
electrochemical DNA sensors for environmental monitoring have been proposed. It has
been demonstrated that DNA-based devices hold great promise for environmental
screening of toxic aromatic compounds and for elucidating molecular interactions between
intercalating pollutants and DNA. Using a disposable electrochemical DNA biosensor made
by immobilizing double stranded DNA onto the surface of a disposable carbon screenprinted electrode, toxicants in water and wastewater samples have been successfully
detected, which correlates well with the classic genotoxicity tests based on bioluminescent
bacteria [49-53]. Parellada et al. [54] developed an amperometric biosensor with tyrosinase (a
polyphenol oxidase with a relatively wide selectivity for phenolic compounds) immobilized
in a hygrogel on a graphite electrode, which correlated satisfactorily with the official
method for the determination of the phenol index in environmental samples. Chlorophenols
have been also detected with a chemiluminescence fibre-optic biosensor adapted a flow
injection analysis (FIA).
Phenolic compounds widely distributed in the environment as organic pollutants can be
oxidized by conventional carbonaceous electrodes generally in high voltage (0.8 V vs. ECS).
Under such over-voltage conditions, these compounds can dimerize and produce other
electroactive species (radicals), resulting in higher than expected electrical current levels. In
other cases, there may be adsorption or formation of polymeric products with consequent
passivation of the electrode, leading to the observation of peaks with intensities very below
those expected. In these cases the high applied potential may increase background current
levels, and consequently the level of noise. Thus, by the use of electrodes modified with
oxidase enzymes, coupled with the principle of biochemical oxidation followed by
electrochemical reduction, one can undo or minimize these variables. Enzymes commonly
used in the manufacture of biosensors are the laccase, tyrosinase and peroxidases [55-56].
Analyte
Binary mixtures:
phenol/clorophenol,
catechol/phenol,
cresol/clorocresol and
phenol/cresol
m-cresol or catechol
Phenol
phenol, p-cresol, m-cresol
and catechol

Recognition
enzyme

Transduction
system

Matrix

Ref.

Laccase and
tyrosinase

Amperometric
multicanal

wastewater

[37]

DNA

Amperometric

Mushroom tissue
(tyrosinase)
Polyphenol
oxidase

wastewater

[30]

Amperometric

wastewater

[38]

Amperometric

wastewater

[39]

Table 2. Some of the most commonly used biosensors in phenolic compounds
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Regarding the selectivity of biosensors based on peroxidase, greater sensitivity to the
compounds 2-amino-4-chlorophenol and 4-chloro-3-methylphenol was observed among 20
compounds tested [57]. While the action of tyrosinase is confined largely to phenol and
ortho-benzenediols the laccases are able to oxidize various phenolic substrates, including
phenols and diphenols (ortho-, meta- and para-benzenediols), phenols, catecholamines, etc.,
Liu et al. [58] developed a biosensor for phenol based on the immobilization of tyrosinase on
the surface of modified magnetic MgFe2O4 nanoparticles. Table 2 presents some examples of
biosensors used in the detection of phenolic compounds in wastewater matrices.

7. Endocrine disruptors and hormones
Endocrine disruptors, exogenous compounds that alter the endogenous hormone
homeostasis, have been systematically discharged in the environment during the last years
[62]. These contaminants have been related to the decrease of human sperm numbers and
increased incidence of testicular, breast and thyroid cancers. These endocrine disruptors can
act by the following mechanisms: a) inhibition of enzymes related to hormone synthesis; b)
alteration of free concentration of hormones by interaction with plasmatic globulins; c)
alteration in expression of hormone metabolism enzymes; d) interaction with hormone
receptors, acting as agonists or antagonists; e) alteration of signal transduction resulting
from hormone action. The importance of the identification of endocrine disruptors involves
characterization of environmental contaminants and inquiry of new substances discharged
in the environment.
Natural and synthetic hormone residues can be found in the environment as a result of
human or animal excretion due to population growing and more intensive farming.
Hormones such as estradiol, estrone and ethynylestradiol have been found in water at ng/L
levels, but even at these low concentrations, some of them may have endocrine-disrupting
activity in aquatic or even terrestrial organisms. Estrone, progesterone and testosterone,
along with other organic pollutants, have been determined with a fully automated optical
immunosensor in water samples, reaching limits of detection up to sub-ng/L [63].
An electrochemical biosensor for progesterone in cow’s milk was developed and used in a
competitive immunoassay by Xu et al. [64]. The sensor was fabricated by depositing antiprogesterone monoclonal antibody (mAb) onto screen-printed carbon electrodes (SPCEs)
which were coated with rabbit anti-sheep IgG (rIgG). This sensor was operated following
the steps of competitive binding between sample and conjugate (alkaline-phosphataselabelled progesterone) for the immobilised mAb sites and measurements of an
amperometric signal in the presence of p-nitrophenyl phosphate using either colorimetric
assays or cyclic voltammetry [64].

8. Organophosphorus compounds (OP)
Organophosphorus (OP) compounds are a group of chemicals that are widely used as
insecticides in modern agriculture for controlling a wide variety of insect pests, weeds, and
disease-transmitting vectors [65].
8.1 Pesticides
A pesticide, as defined by the EPA, is any substance or mixture of substances intended for
preventing, destroying, repelling, or lessening the damage of any pest, [65]. Of all the
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environmental pollutants, pesticides are the most abundant, present in water, atmosphere,
soil, plants, and food [2].
Concerns about the toxicity, ubiquity and persistence of pesticides in the environment have
led the European Community to set limits on the concentration of pesticides in different
environmental waters. Directive 98/83/EC on the quality of water for human consumption
has set a limit of 0.1 μg/L for individual pesticides and of 0.5 μg/L for total pesticides.
Enzymatic sensors, based on the inhibition of a selected enzyme are the most extensively
used biosensors for the determination of these compounds [66].
Parathion (O,O-diethyl-O-4-nitrophenyl thiophosphate), is a broad-spectrum OP pesticide
having a wide range of applications against numerous insect species on several crops.
Parathion is also used as a preharvest soil fumigant and foliage treatment for a wide variety
of plants, both in the field and in the greenhouse. Parathion is highly toxic by all routes of
exposure — ingestion, skin adsorption, and inhalation — all of which have resulted in
human fatalities. Like all pesticides, parathion irreversibly inhibits AChE [67]. Table 3
presents a few examples of biosensors for determination of pesticides, including parathion.
8.2 Herbicides
For the detection of herbicides such as the phenylureas and triazines, which inhibit
photosynthesis, biosensors have been designed with membrane receptors of thylakoid and
chloroplasts, photosystems and reaction centers or complete cells such as unicellular alga
and phenylureas and triazines, in which mainly amperometric and optical transductors
have been employed [68]. Table 3 also presents some examples of biosensors used in the
detection of herbicides.
Analyte

Type of
interaction

Recognition
biocatalyzer

Transduction
system

Ref.

Pesticides
Simazina

Biocatalytic

Isoproturon

Biocatalytic

Parathion

Biocatalytic

Paraoxon

Biocatalytic

Carbaril

Biocatalytic

Peroxidase
Antibody
encapsulate
Parathion
hydrolase
Alkaline
phosphatase
Acetilcolinesterase

Potentiometric
Immunosensor
immunoreaction

[47]

Amperometric

[50]

Optical

[46,50]

Amperometric

[51]

[48]

Herbicides
2,4Diclorofenoxiacetic
Diuron, Paraquat,

Immunoanalysis

Acetilcolinesterase

Amperometric

[52]

Biocatalytic

Cyanobacterial

Bioluminescence

[53]

Table 3. Biosensors used in the detection of pesticides and herbicides.
8.3 Dioxins
Dioxins are potentially toxic substances for humans with a major impact on the environment
that can reach the food chain accidentally, as contaminating residues present in water and
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soil. Dioxins are organosoluble, toxic, teratogenic and cancinogenic. They are unintended
by-products of many industrial processes where chlorine and chemicals derived from it are
produced, used and disposed of. Industrial emissions of dioxin to the environment can be
transported over long distances by airstreams and, less importantly, by rivers and sea
currents. Consequently, dioxins are now widely present all over the globe. It is estimated
that even if production completely stopped today, the current environmental levels would
take years to diminish. This is because dioxins are persistent, taking years to centuries to
deteriorate, and can be continuously recycled in the environment [69]. Biosensors for
detection and monitoring of these pollutants in the area would be extremely useful.

9. Commercial activities
About 200 companies worldwide were working in the area of biosensors and bioelectronics
at the turn of the century. Some of these companies are still involved in biosensor
fabrication/marketing, whereas others just provide the pertinent materials and instruments
for biosensor manufacture. Most of these companies are working on existing biosensor
technologies and only a few of them are developing new technologies [76]. The application
of new biodevices to real-world environmental samples is a must in the final steps of
development. However, despite of the great number of newly developed biosensors, most
literature references overlook the real-world step and only report applications of the
biosensor in either distilled water or buffered solutions.
Most of the reviewed systems still have some way to go before application to real samples
can be made, and the study of matrix effects, stability issues and careful comparison with
established methods are crucial steps in this approach. Even though commercial returns
from environmental biosensors are substantially less than from medical diagnostics, public
concern and government funding have generated a major research effort aimed at the
application of biosensors to the measurement of pollutants and other environmental
hazards [77].

10. Other applications
Many biosensors reported for environmental applications show the potential to be
developed for either single-sample formats for field screening applications or continous
formats for field monitoring applications. A discussion concerning the cleanup of a
Superfund site may provide examples of the scope and kinds of environmental screening
and monitoring problems for which biosensors could provide unique solutions
Most of the work on metal-specific bacterial sensors has been done by using a liquid
suspension of viable sensor bacteria. However, a more advanced approach is to use these
bactéria in the biosensor system, e.g., by immobilising the cells onto optical fibres connected
to a photo detection device. This type of fibre-optic biosensors have been previously
constructed for Cu [76], genotoxicants, or general toxicity of industrial effluents [78]. These
fibre-optic sensors can easily be brought to the field and used for on-line monitoring.
Ivask et al (2006) developed fibre-optic biosensors for the analysis of environmental samples,
e.g., soils and sediments in situ. For that, the existing recombinant luminescent Escherichia
coli MC1061 (pmerRluxCDABE) and MC1061 (parsluxCDABE) [79] responding specifically
to Hg and As, respectively, were immobilised onto optical fibres in order to develop self
contained biosensors. The system was optimised for the Hg biosensor and the derived
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protocol was used for analysing bioavailable Hg and As in natural soil or sediment
suspensions. The biosensors consist of alginate-immobilised recombinant bacteria emitting
light specifically in the presence of bioavailable Hg or As in a dosedependent manner. The
biosensors alongside with the non-immobilised Hg and As sensor bacteria were successfully
applied for the analysis of bioavailable fractions of Hg and As in soil and sediment samples
from the Aznalcollar mining area (Spain).
Haron et al (2006) developed three layer waveguiding silicon dioxide (SiO2)/silicon nitride
(Si3N4)/SiO2 structure on silicon substrate was proposed as an optically efficient biosensor
for calibration of heavy metal ions in drinking water. Total attenuated reflection (ATR) in
portable and miniaturized SiO2/Si3N4/SiO2 waveguides was successfully exploited in the
present investigation for development of a highly sensitive biosensors and the detection
limit as low as 1 ppb was achieved for Cd2+ and Pb2+ ions.Composite membranes
containing both biologically active components, e.g. enzymes, and organic chromophores
(indicators) were formed using the polyelectrolyte selfassembly deposition technique. The
latter are sensitive to small changes in local pH caused by enzyme reactions, and thus
provided a transuding function. The difference in inhibition of enzymes urease and
acetylcholine esterase by the heavy metal ions established the possibility of designing a
sensor array for discrimination between different types of water pollutants and the device is
light, portable and robust

11. Conclusions
Most biosensor systems have been tested only on distilled water or buffered solutions, but
more biosensors that can be applied to real samples have appeared in recent years. In this
context, biosensors for potential environmental applications continue to show advances in
areas such as genetic modification of enzymes and microorganisms, improvement of
recognition element immobilization and sensor interfaces.
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1. Introduction
The presence of unsafe levels of chemical compounds, toxins, and pathogens in food
constitutes a growing public health problem that necessitates new technology for the
detection of these contaminants along the food continuum from production to consumption.
While traditional techniques that are highly selective and sensitive exist, there is still a need
for simpler, more rapid and cost-effective approaches to food safety testing. Within this
context, the field of food safety biosensors has emerged. Biosensors consist of a specific
molecular recognition probe targeting an analyte of interest and a means of converting that
recognition event into a measurable signal. As molecular recognition is the foundation of
biosensing, there has been increased focus on the development of new molecular
recognition probes for food-safety related molecular targets. Antibodies have been the gold
standard in molecular recognition for several decades and have been incorporated widely
into biosensors and assays relating to food (Ricci et al., 2007). Despite their applicability to
food monitoring, they are not without their disadvantages, which are primarily linked to the
requirement that antibody generation is an in vivo process. For example, highly toxic
substances are not conducive to antibody generation. Furthermore, the batch to batch
reproducibility of antibody generation can be less than satisfactory. Compounding these
limitations is the fact that antibodies have short shelf-lives and can be challenging to
chemically modify for incorporation into a biosensor platform. Nevertheless, the affinity
and specificity of antibodies for their molecular targets make them convenient receptors for
biosensing strategies.
Many of the disadvantages described above could be avoided with a molecular recognition
probe of synthetic origin that would still maintain the required specificity and affinity.
Because of their in vitro selection and production, the relatively new technology of aptamers
has emerged as a viable alternative for use in biosensor platforms (Mascini, 2009). This
chapter will focus on the recent literature in aptamers for food safety related targets, as well
as the biosensor platforms in which these probes have been incorporated.

2. Aptamers in biosensing
Aptamers are single-stranded oligonucleotides that fold into distinct three-dimensional
conformations capable of binding strongly and selectively to a target molecule. As
molecular recognition probes, aptamers have binding affinities and specificities that are
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comparable to, and in some cases even surpass those of monoclonal antibodies. For
example, aptamers have been selected that have dissociation constants (Kd) in the
nanomolar or picomolar range. Aptamers are discovered using an in vitro process called
Systematic Evolution of Ligands by EXponential enrichment (SELEX), a procedure where
target-binding oligonucleotides are selected from a random pool of sequences through
iterative cycles of affinity separation and amplification (see Fig. 1) (Ellington & Szostak,
1990; Tuerk & Gold, 1990). The SELEX process begins with a large, random oligonucleotide
library whose complexity and diversity can be tailored through its distribution and number
of random nucleotide regions (Luo et al., 2010). These sequences are exposed to the molecule
of interest and those with an affinity for the target are separated from non-binding
sequences. The elution of the binding sequences from the target and the polymerase chain
reaction (PCR) amplification of those binders yields an enriched pool for subsequent, more
stringent, selection rounds. After several rounds, this pool is cloned, sequenced, and
characterized to find aptamers with the desired properties.
Incubation with target
DNA Library

Partioning of bound and
unbound sequences

Amplification of
selected sequences

Fig. 1. Schematic overview of the SELEX procedure for the selection of aptamer sequences.
Targets for which aptamers can be developed are varied and range from small molecules
(Huizenga & Szostak, 1995), to proteins and even whole cells. The in vitro nature of the
selection process allows for the discovery of aptamers for even non-immunogenic or highly
toxic substances. In addition to this advantage, aptamer technology offers several other
benefits over antibodies. First, high-purity aptamers can be chemically synthesized at a low
cost and can be easily modified with dyes, labels, and surface attachment groups without
affecting their affinities. Second, aptamers are more chemically stable under most
environmental conditions, have a longer shelf life, and can be reversibly denatured without
loss of specificity. These properties make aptamers attractive in the development of lowcost, robust diagnostics and biosensors.
An examination of the development of aptamers and aptamer-based biosensors for food
safety related targets can be found below. The chapter will be divided into two main parts:
aptamers for small molecule food contaminants and aptamers for food safety-related
pathogens.
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Target Class
Antibiotics
Tetracyclines

Target
Chloramphenicol
Tetracycline

Oxytetracycline

Aminoglycosides

DNA/ Kd
RNA (nM)

Biosensor
Platform

LOD

RNA 2100

-

RNA 1000
DNA 64

(Berens et al., 2001)
Electrochemical 10 nM (Niazi, Lee Gu, 2008)

DNA -

(Zhang et al., 2010)
Electrochemical 1
ng/mL
(Niazi, Lee, Kim et al.,
-

DNA 10

-

Ref

Electrochemical Colorimetric
-

(Burke et al., 1997)

2008)
(Y. S. Kim et al., 2009)

-

(Y. S. Kim et al., 2010)
(Wallace & Schroeder,
1998)

-

(Goertz, Colin Cox
Ellington, 2004a)

Streptomycin

RNA 1000

Tobramycin

RNA 30100
RNA 20000 RNA 9
-

-

2’OMeRNA
RNA 180
RNA 10-30 -

-

(Morse, 2007)
(Y. Wang & Rando,
1995)
Electrochemical 0.7 µM (González-Fernández et
al., 2011)
(Impedence)

Kanamycin
Neomycin

RNA Low
nM
RNA 1800
2’OMeRNA

Mycotoxins

Ochratoxin A

DNA 200

-

-

Electrochemical
(Impedence)
Surface
Plasmon
Resonance
(SPR)
-

“sub
µM”
10 nM

(Kwon et al., 2001)
(Goertz, Colin Cox
Ellington, 2004b)
(Goertz, Colin Cox
Ellington, 2004b)
(Cowan et al., 2000)
(de-los-Santos-Alvarez
et al., 2007)
(de-los-Santos-Álvarez
et al., 2009)

(Cruz-Aguado &
Penner, 2008a)
(Cruz-Aguado &
Penner, 2008b)

Fluorescence
5 nM
Polarization
(Kuang et al., 2010)
Electrochemical 30
pg/mL
Electrochem- 0.007 (Z. Wang et al., 2010)
iluminescent
ng/mL
Colorimetric
20 nM (Yang et al.,
2010)
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Target

DNA/ Kd
RNA (nM)

Biosensor
Platform
Strip
(Fluorescence)
Strip
(Chromatographic/
Absorbance)
Electrochemical

Food
packaging

Adulterants

Pesticides
Herbicides
Fungicides

Fumonisin B1 DNA 100
Bisphenol A
DNA -

Sulforhodamine

DNA DNA 190

Fluorescence
(quenching)

LOD

Ref

(L. Wang et al., 2011a)
1.9
ng/mL
(L. Wang et al., 2011b)
0.18
ng/mL

(Bonel et al., )
0.07
ng/mL
22 nM (Sheng et al., )
(McKeague et al., 2010)

Electrochemical 10 fM
(Sandwich
Carbon Nanotube sensor)
-

(Lee et al., 2011)

(Okada et al., 2003)
(Wilson & Szostak,
1998)
(Holeman et al., 1998)
(Z. Jiang et al., 2011)

Melamine

RNA 70
DNA

Resonance
Scattering

10-15
ng/L

Atrazine

DNA 2000

-

-

(Sinha et al., 2010)

-

(Grate & Wilson, 1999)
(Stead et al., 2010)

Malachite
RNA <1000 Green
600
Fluorescence
Inorganic ions Arsenic (3+, 5+) DNA 5 (3+),
7 (5+)
Colorimetric
Mercury (2+) DNA Resonance
Scattering
Fluorescence

(M. Kim et al., 2009)

0.6 nM (Li et al., 2009)
(Z. Jiang et al., 2010)
34
fg/mL
220 µM (Xu et al.,2010)

Table 1. Table of aptamers and aptamer-based biosensor platforms for small-molecule
targets.
2.1 Aptamers for small molecule food safety targets
Targets that can be classified under this category include high priorities for food analysis
such as pesticides, toxins, veterinary drugs and other contaminants that may be present in a
wide array of food products. Table 1 lists aptamers and aptamer-based biosensor platforms
that have been developed for these targets. Section 2.1 will briefly highlight these systems
and three promising biosensor platforms that target small molecules will be discussed in
Section 2.2.
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2.1.1 Antibiotics
In addition to their use in the treatment of bacterial diseases in humans and animals,
antibiotics are important in animal husbandry because they significantly enhance growth
when added to animal feed. However, the accumulation of antibiotics in food-producing
animals is a potential cause of the increasing occurrence of antibiotic resistance. For this
reason, European Union (EU) legislation has forbidden the practice of adding antibiotics to
animal feed since 2006. As a result, fast, sensitive methodologies are being developed and
used by food-safety control laboratories to ensure the control of antibiotic residues in live
animals and animal products (Cháfer-Pericás et al., 2010).
While several antibiotic families are used in veterinary medicine and are tested in foods,
only a handful of aptamers have been developed that recognize them. As seen in Table 1,
RNA aptamers have been developed against chloramphenicol and several aminoglycosides
such as streptomycin, kanamycin, tobramycin and neomycin. In particular, several aptamers
have been developed for members of the tetracycline family. An RNA and DNA aptamer
exist that recognize tetracycline as well as a DNA aptamer for oxytetracyline. Several of
these have been integrated into electrochemical based testing systems. Overall, these
antibiotic aptamers have a wide range of affinities for their targets, having dissociation
constants from micromolar to low nanomolar. However, the detection systems that have
been developed that use these aptamers all display detection limits in the nanomolar range.
2.1.2 Mycotoxins
Toxic fungal metabolites known as mycotoxins can contaminate a wide range of agricultural
commodities and are high priority targets for the development of new molecular
recognition probes and biosensors. It is estimated that at least 25% of the grain produced
worldwide is contaminated with mycotoxins. Problematically, even small concentrations of
mycotoxins can induce significant health problems including vomiting, kidney disease, liver
disease, cancer and death (Cheli et al., 2008). The first mycotoxin aptamer was developed for
Ochratoxin A (OTA). This toxin is produced by Aspergillus ochraceus and Penicillium
verrucosum and is one of the most abundant food-contaminating mycotoxins in the world
(De Girolamo et al., 2011). OTA is a nephrotoxic toxin, with strong carcinogenic effects on
rodents, as well as documented teratogenic and immunotoxic effects in humans (CruzAguado & Penner, 2008a). Since its development in 2008, this aptamer has been integrated
into several biosensor detection systems including electrochemical, electrochemiluminescent,
colorimetric and fluorescent platforms as well as chromatographic and fluorescent test
strips. More recently, an aptamer for fumonisin B1 (FB1) has recently been developed.
Fumonisin mycotoxins are produced by Fusarium verticillioides and F. proliferatum species,
fungi that are ubiquitous in corn (maize). Insect damage and some other environmental
conditions result in the accumulation of fumonisins in corn-based products worldwide. FB1
is a nephrotoxin in all species tested, a carcinogen in rodents and a reproductive toxicant in
rodents and likely in humans (Bolger et al., 2001). Both the FB1 and the OTA DNA aptamers
bind to their target with nanomolar dissociation constants.
2.1.3 Heavy metals
Inorganic metals contaminate foodstuffs including fish and fish products, meat and meat
products, milk and milk products, eggs, fats and oils as well as animal feeds. Arsenic is a
toxic carcinogen found in many parts of the world. It can exist in four oxidation states
(-3, 0,+3, and+5); however, arsenate [As(V)] and arsenite [As(III)] are the most abundant.
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Human exposure can occur through direct ingestion, such as drinking arsenic contaminated
water, and through indirect ingestion such as consuming crops grown from arsenicaccumulated soils. Both acute and chronic health effects may result, the more serious effects
include cancer, skin lesions, arsenicosis and cardiovascular diseases (M. Kim et al., 2009).
Kim et al. developed a high affinity DNA aptamer for arsenic that can bind to arsenate
[(As(V)] and arsenite [As(III)] with a dissociation constant of 5 and 7 nM respectively (M.
Kim et al., 2009).
Mercury ion (Hg2+) is highly toxic and a widespread contaminant. It is a potent neurotoxin
that damages the central nervous and endocrine system. In addition, fish and shellfish
concentrate mercury in their bodies, often in the form of methylmercury. The presence of
mercury in fish can be a health issue, particularly for women who are or may become
pregnant, nursing mothers, and young children (Xu et al., 2010). Routine detection of
mercury is central for evaluating the safety of aquatically derived food supplies. As shown
in Table 1, several label-free DNA aptamer based sensors have been developed for the direct
detection of Hg2+.
2.1.4 Food packaging
Contaminants migrating from food packaging have been detected in several food related
matrices including foodstuffs, food stimulants, and food contact materials and articles.
Bisphenol A (BPA), known to be an endrocrine disruptor since the 1930s, is used as a
monomer compound in polycarbonate plastic products. Major concerns regarding the use of
bisphenol A in consumer products were reported by the media in 2008. In 2010, a report from
the United States Food and Drug Administration (FDA) raised further concerns regarding
BPA exposure to fetuses, infants and young children. In September 2010, Canada became
the first country to declare BPA as a toxic substance and to ban its use in baby bottles (US
FDA, 2010). As seen in Table 1, several aptamers and aptamer platforms have been developed
in response to these concerns. For example, Lee et al. developed an aptamer-sandwich based
carbon nanotube sensor able to detect BPA at very low concentrations (Lee et al., 2011).
2.1.5 Adulterants
After the first report in 2003 indicating the illegal presence of the dye Sudan I in some foods
in the European Union (EU), there have been many reports of the presence of illegal dyes in
chili powder, curry powder, processed products containing chili or curry powder, sumac,
curcuma and palm oil. These dyes are often both genotoxic and carcinogenic (EFSA, 2005).
One such illegal dye is rhodamine B. While there is no known aptamer that recognizes
rhodamine B, there is both a DNA and RNA aptamer that recognizes and binds to
sulforhodamine B (Holeman et al., 1998; Wilson & Szostak, 1998).
Melamine is another chemical adulterant that is sometimes illegally added to food samples
to increase the apparent protein content. Codex guidelines set the maximum amount of
melamine allowed in powdered infant formula to 1 mg/kg and the amount allowed in other
foods to 2.5 mg/kg. An aptamer-based resonance scattering assay has been developed for
melamine detection. The oligo-T sequences with melamine binding affinity, however, were
not determined through SELEX, but rather designed based on the idea that multiple
hydrogen bonding interactions could support formation of an aptamer-melamine complex.
While the design of this aptamer raises some concern about potential specificity problems,
the authors confirmed that common metal ions, amino acids and proteins do not interfere
with the assay (Z. Jiang et al., 2011).
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2.1.6 Pesticides
Malachite Green (MG) has been used in aquaculture since 1936. It is a fungicide approved
for use in aquarium fish in Canada; however, it is not approved for use in fish intended for
human consumption. MG has been used for the treatment of external fungal and parasitic
infections on fish eggs, fish and shellfish. It is also a very popular treatment against the
common fresh water fish disease, ichthyophthirius (Stead et al., 2010). However, it has been
determined that eating fish contaminated with malachite green poses a significant health
risk. Scientific evidence indicates that a metabolite of malachite green (LMG), leucomalachite
green, may be a genotoxic carcinogen that persists in fish tissues. A malachite green aptamer
was developed in 1999 (Grate & Wilson, 1999). This aptamer has been recently used by
Stead et al. as the recognition element in a fluorescence-based screening assay for MG
detection in fish tissue (Stead et al., 2010). (See Section 2.2.1)
Atrazine is one of the most heavily used herbicides in Canada and the United States, as it is
used as a pre- and post-emergence weed control agent for corn and rapeseed. Atrazine is a
persistent environmental pollutant and widespread contamination of groundwater has been
reported in the United States. It is associated with birth defects, menstrual problems and
cancer when consumed by humans (Health Canada, 1993). Although it has been excluded
from a re-registration process in the European Union, it is still one of the most widely used
herbicides in the world. Sinha et al. used a combination of in vitro and in vivo selection to
develop a synthetic riboswitch (an aptamer sequence coupled to an expression platform that
can regulate a gene upon binding) to atrazine (Sinha et al., 2010).
2.2 Small molecule food safety targets case studies
As seen in Table 1, there are several biosensor platforms that are used for the detection of
small molecular food contaminants. Here, we highlight a few recent sensors from the
literature that have been used and tested directly in food samples.
2.2.1 Fluorescence-based detection of malachite green in fish tissue
Malachite green (MG) is a triphenylmethane dye used as a fungicide, antiparasitic and
antiprotozoan agent in the treatment of farmed fish. Leucomalachite green (LMG) is the
primary metabolite and is predominant to MG in vivo and highly persistent in edible fish
tissue. Despite the potential health risk MG and LMG pose to humans, surveillance
programs have identified their continuing incidence in farmed fish samples. For example,
there was over 100 notifications under the EU Rapid Alert System for Food and Feed
(RASFF) regarding the illegal use of MG between 2003 and 2007 (Stead et al., 2010). Current
screening methods must be able to detect total MG and LMG concentrations at or below
2μg/kg. Unfortunately, typical detection methods for MG are time consuming and include
high-performance liquid chromatography HPLC with visible detection or liquid
chromatography–mass spectrometry LC-MS. Prior to the novel aptamer-based procedure,
there has been limited progress in the development of rapid screening methods. This
screening procedure, developed by Stead et al., is the first reported use of an RNA aptamer
based detection system for the detection of chemical residues in food.
In 1999, Grate et al. developed a 38-mer RNA aptamer (see Fig. 2) that bound to MG with a
dissociation constant (Kd) of less than 1μM (Grate & Wilson, 1999). The Kd value for the
aptamer produced for use in this study was estimated to be approximately 600 nM,
assuming a 1:1 binding model.
While MG has a low fluorescence quantum yield due to its facile vibrational de-excitation, a
greater than 2000 times fluorescence enhancement was noted when bound by the aptamer.
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Electrostatic forces and base stacking upon binding with the aptamer causes the aromatic
rings of MG to adopt a more coplanar, rotationally stabilized structure, leading to this effect.

Fig. 2. Secondary stucture of the malachite green-RNA complex with the MG binding pocket
indicated. Yellow indicates a base quadruple, red and green mark base triples, cyan the G8C28 base pair and purple a GNRA tetraloop. The base pair adjacent to the tetraloop is shown
in dark blue, the other stem base pairs are colored grey (Flinders et al., 2004). Reproduced
with permission from Wiley-VCH.
The fluorescence signal associated with the RNA-MG complex was determined by excitation
at a wavelength of 618nm and measuring emission at 643nm. The binding interaction
produced a clear linear relationship with fluorescence intensity over the range of 0-40nM of
MG. The pH operational range was determined to be between pH 5 and 9 for the RNA-MG
complex, where the optimal fluorescent signals being observed between pH 6 and 7.5. A
concentration of 5-10mM of Mg2+ and the presence of some monovalent cation (either Na+
or K+) was found to be required for the stability of the complex. Formation of this complex
was time and temperature dependent. Maximum binding was achieved after 16 minutes at
ambient temperature and remained stable for an hour. At temperatures outside this range,
the formation of the ligand binding pocket was likely disrupted and signals were not fully
recoverable. However, the complex at 0°C, once formed, was the most stable, surviving for
about 4 weeks.
In order to perform the MG assay, fish tissues were extracted using acetonitrile. Since total
LMG and MG is required for food safety detection, the ability of the RNA aptamer to detect
LMG was investigated. However, addition of LMG to the RNA aptamer resulted in no
change in fluorescence intensity. Due to this apparent lack of binding, an oxidation
procedure was incorporated following extraction to ensure LMG was oxidized to the MG
form. A final clean-up was then performed using solid-phase extraction (SPE) cartridges
prior to analysis. Testing was performed on several spiked fish tissue samples including
Salmo trutta and Oncorhynchus mykiss spp. and Salmo salar. Strong fluorescent signals were
obtained in the positive samples compared to the blank controls. The threshold
concentration of MG at which the signal was detectable was 5nmol/L (2ng/mL), a value
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sufficient for RASFF testing standards. It was estimated that a batch of 20 samples can be
prepared and analyzed within 4 hours and it is possible to automate the SPE steps.
Therefore, this novel RNA aptamer testing system has proven to be a successful rapid
detection and semiquantitative method for direct MG detection in fish tissue.
2.2.2 Aptamer-based strip assay for toxin detection
Ochratoxins are dangerous by-products of several fungal species, mainly in the Aspergillus
and Penicillium genera, which can contaminate foods and beverages including cereals,
beans, nuts, spices, dried fruits, coffee, cocoa, beer, and wine. Ochratoxin A (OTA) is
nephrotoxic and carcinogenic and poses a serious threat to the health of both humans and
animals. The International Agency for Research on Cancer has classified OTA as a possible
carcinogen to humans. Based on risk assessment performed by the Joint Food and
Agriculture Organization/WHO Expert Committee on Food Additives (JECFA), over 50%
of human exposure to OTA is a result of exposure from cereals and cereal products.
Regulatory limits for OTA exist in several countries, and testing of products is carried out at
central testing laboratories. For example, the European Commission established a maximum
limit of 5 μg/kg for raw cereal grains and 3 μg/kg for all cereal-derived products (De
Girolamo et al., 2011). In 2008, Cruz-Aguado et al. developed the first mycotoxin aptamer
for OTA. The selected DNA aptamer bound to OTA with a nanomolar dissociation constant
and displayed high selectivity (Cruz-Aguado & Penner, 2008a).
With this sequence, Wang et al. developed a chromatographic strip assay method for rapid
OTA detection (L. Wang et al., 2011b). The aptamer-based strip assay was based on the
competition for the aptamer modified with gold nanoparticles (GNPs) as the visual reporter
between ochratoxin A and DNA probes. GNPs were prepared and thiolated aptamers
(Aptamer: 5'-GAT CGG GTG TGG GTG GCG TAA AGG GAG CAT CGG ACA AAA AAA
AAA AAA AAA AAA-SH-3') were self-assembled on the nanoparticle surface. DNA probes
(Test line DNA probe 1: 5'-Biotin-CTA GCC CAC ACC CAC CGC ATT TCC CTC GTA GCC
TGT-3' Control line DNA probe 2: 5'-Biotin-TTT TTT TTT TTT TTT TTT-3. ) were conjugated
to streptavidin using the 5’ biotin. The strip was assembled as follows (see Fig. 3). The
nitrocellulose membrane, glass-fiber membrane (conjugated pad), sample pad and
absorbent pad were layered in sequence and pasted onto a plastic backing plate. The
streptavidin–DNA probe 1 and streptavidin–DNA probe 2 conjugates were deposited onto
the strip to form the test line and control line. Finally the GNP–aptamer probe was added to
the glass fiber membrane.
Probe 1

Probe 2

GNP-aptamer Conjugates
Streptavidin
Sample Pad

Conjugate Pad

Test line

Control Line

NC membrane

Absorption Pad

Backing

Fig. 3. Construction of the aptamer-based strip. Reproduced with permission from Elsevier.
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This strip relied on the competitive reaction between the DNA probe 1 (test line) and the
target OTA. In the presence of OTA, the aptamer-GNP could not hybridize to the DNA
probe 1 in the test line, thus causing the red color intensity to become weaker. Regardless of
the concentration of OTA, the aptamer–GNP probe could hybridize with DNA probe 2 in
the control line to ensure the validity of the detection test (see Fig. 4).

Sample without OTA

Sample with OTA

Fig. 4. Schematic of the detection principle of the strip. Reproduced with permission from
Elsevier.
When using this strip for qualitative purposes, it was found to have a visual limit of
detection (LOD) of 1ng/mL. However, it is possible to use this strip for semi-quantitative
purposes. Using a scanning reader, a quantitative calibration curve was constructed. Based
on this, the quantitative LOD was 0.18ng/mL which is better than the antibody-based strip
method and comparable to the ELISA methods used for detection. Specificity of this strip
assay was also tested using the mycotoxins deoxynivalenol, fumonisin B1, zearalenone and
microcystin-LR and was found to be specific for OTA. These fabricated strips were stable
after 30 days. In addition, OTA analysis was performed on spiked wine samples. The
recoveries were from 96% to 110% which met the detection requirements. Overall, this semiquantitative assay proved to be rapid (less than 10 minutes), inexpensive and reliable in the
detection of OTA.
2.2.3 Tetracyline determination in milk using an aptamer-modified electrode
Tetracycline is a naturally occurring, broad-spectrum polyketide antibiotic produced by
species of Streptomyces. Tetracycline has been a popular and economically valuable drug for
the last six decades as it can be easily isolated by fermentation. It is used against many
bacterial infections due to its ability to inhibit protein synthesis. For these reasons,
tetracyline has been widely used in human therapy, aquaculture and veterinary medicine. It
is also extensively used as an animal growth promoter (Berens et al., 2001). As a result,
tetracycline has been detected in food products, such as meat, milk, eggs and chicken.
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Therefore, there is an increase in demand to discover novel methods for fast tetracycline
detection that are applicable to food matrices. Zhang et al. developed one such method
using a DNA aptamer modified glassy carbon electrode (Zhang et al., 2010). While there
are several aptamers that have been developed for tetracycline (as seen in table 1), the
authors performed a new selection to develop DNA aptamers for this assay. These modified
glassy carbon electrodes were amino-functionalized using 3-aminopropyltriethoxysilane
chemistry, allowing the aptamers to be tethered to the surface using
1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride/ N-hydroxysulfosuccinimide
(EDC/NHS) chemistry. The cyclic voltammetry (CV) measurements were performed using
the aptamer-modified electrode with a standard three electrode system in the presence of
K3Fe(CN)6 as a redox reporter. In the absence of tetracycline, a Fe3(CN)6 3-/Fe2(CN)6 4- redox
couple was measured due to its interaction with the electrode surface. In the presence of
tetracyclines, the aptamer binds to the target, blocking the electrode surface and
interrupting the redox system. This leads to a decrease in peak current. Peak current vs.
concentration was measured and plotted as a standard curve for samples in phosphate
buffered saline as well as directly in milk (see Fig. 5). A linear relationship between the
tetracycline concentration and the current was found between 0.1–100ng/mL, and a LOD of
1 ng/mL was achieved. There was no significant response from penicillin, demonstrating
the specificity of the system. Finally, six concentrations of tetracyclines in milk samples were
analyzed using the electrode biosensor. The measured concentration vs. the actual
concentration showed less than a 10% coefficient of variation, indicating the biosensor
produces precise results. This biosensor proved to be a reliable, sensitive, inexpensive and
specific detection system for tetracycline in milk samples. In addition, detection time was
only 5 minutes; therefore, this system could prove useful in food safety testing.

Fig. 5. Cyclic voltammograms of the tetracycline milk determination. The tetracycline
concentrations are (a) 0mg/L (b) 0.001 mg/L (c) 0.005 mg/L (d) 0.01 mg/L (e) 0.015 mg/L
(f) 0.02 mg/L (g) 0.03 mg/L (h) 0.05 mg/L (i) 0.08 mg/L (j) 0.1 mg/L. The inset is the plot of
the tetracycline concentration versus the peak current at 0.02V. Reproduced with permission
from RSC.
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2.3 Aptamers for pathogenic food safety targets
Foodborne pathogens are implicated in millions of illnesses and thousands of deaths on a
yearly basis. In addition to the clear health risk associated with contaminated foods, there is
also the often devastating economic impact to the food producer that must be considered.
As a result, rapid, accurate and sensitive assays and biosensors for bacteria, viruses, and
other similar targets are of significant interest. Table 2 lists aptamers and aptamer-based
biosensor platforms that have been developed for these targets.
Target
Target
Class
Bacteria Bacillus
Thuingiensis
(spores)

DNA/
Kd
RNA
DNA -

Campylobacter DNA
Jejuni

-

Escherichia
Coli DH5α
strain

RNA

-

RNA

-

Crook’s strain DNA
(8739)

-

ETEC K88
DNA
fimbriae
protein
Francisella
DNA
tularensis japonica
(bacterial
antigen)
Listeria
DNA
monocytogenes
(internalin A
protein)

25-44
nM

CECT 675
cells

25 ng
(Ka)

Biosensor Platform

LOD

Ref

Fluorescence
(Quantum dots)

1000
cfu/mL

Fluorescence
(Magnetic
Bead/Quantum dot
sandwich)
Capillary
Electrophoresis
Immunoassay
Single-walled Carbon
Nanotube (SWNT)
Field Effect Transistor
(FET)
Electrochemical
(SWNT
Potentiometry)

10-250 cfu
in food
matrix; 2.5
cfu in buffer
(Stratis-Cullum
6.4×106
et al., 2009)
cells/mL

Fluorescence
Resonance Energy
Transfer (FRET) and
Surface Plasmon
Resonance (SPR)
Fluorescence Assay

-

Magnetic beads

(So
et al., 2008)

6 cfu/mL
(milk)
26 cfu/mL
(apple juice)
30 E. Coli
units/mL

(Zelada-Guillen
et al., 2010)

-

(Li
et. al., 2011)

Aptamer-Linked
1.7×103
Immobilized Sorbent bacteria/
Assay (ALISA)
mL

84 nM Fibre-optic sensor
(Aptamer and
Antibody-modified)

(Ikanovic
et al., 2007)
(Bruno &
Kiel, 2002)
(Bruno
et al., 2009)

(Bruno
et al., 2010)

(Vivekananda
& Kiel, 2006)

1000
cfu/mL

(Ohk
et al., 2010)

1 cfu/mL

(Yamamoto
et al., 2010)
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Target
Class

Viruses

Other

Target

DNA/
Kd
RNA
DNA -

Salmonella
Typhimurium
(outer
membrane
proteins)
(Type IVB
RNA
pilus protein)
Staphylococcus DNA
aureus
Yersenia
(Yop51)
Apple-Stem
pitting virus

Botulinum
neurotoxin
Egg-white
lysozyme
(allergen
trigger)

RNA
DNA

DNA
DNA

RNA

9 nM

Biosensor Platform

Ref

Magnetic beads

<10 cfu/g
(spike and
recovery)

(Joshi
et al., 2009)

-

-

(Pan
et al., 2005)

-

(Cao
et al., 2009)

-

(Bell
et al., 1998)

250 nM

(Lautner
et al., 2010)

480 ± Confocal microscopy
of infected samples
210
nM
18 nM, 28 nM
PSA-H Surface Plasmon
protein: Resonance
8 nM;
Double
MT32
protein: Oligonucleotide
55 nM Sandwich EnzymeLinked
Oligonucleotide
Assay (DOS-ELONA)
3-51
nM
3 nM -

-

LOD

100 ng/mL (Balogh

et al., 2010)

(Tok &
Fischer, 2008)

-

(Tran
et al., 2010)

Electrochemical
(voltammetry)

0.5 µg/mL

Fluorescence
(microarray)

70 fM

(Cheng et al.,
2007) (Kirby et
al., 2004)
(Collett
et al., 2005)

Table 2. Table of aptamers and aptamer-based biosensor platforms for pathogen and
macromolecular targets.
Section 2.3 will describe these systems briefly, while three biosensor platforms targeting
pathogens in food will be discussed in Section 2.4.
2.3.1 Bacteria
Foodborne illnesses and outbreaks are commonly caused by bacteria. Visible symptoms of
infection typically do not appear until about 12-72 hours after food consumption. Thus, it is
important to be able to detect these pathogens rapidly, at very low levels in complex food
matrices, as early as possible in the food continuum to minimize the risk of illness and to
avoid product recalls. In response to these needs, a number of aptamers and aptamer-based
sensor platforms have been developed and demonstrate much potential in food safety
applications.
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Some strains of the gram-positive bacteria B. Cereus are responsible for foodborne illnesses
causing severe nausea, vomiting and diarrhea. While the presence of large numbers of
B. cereus (greater than 106 organisms/g) in a food can lead to illness, the US FDA
recommends that B. cereus in infant formula does not exceed 100 cfu/g. Ikanovic et al.
selected a DNA aptamer for Bacillus thuingiensis (BT) spores with eight rounds of selection.
The aptamer was then applied to produce a novel, solution-based sensor by using quantumdot reporter molecules for detection via fluoresence spectroscopy. BT spores are closely
related to the food poisoning agent B. cereus so detection of BT demonstrates potential crossover applications to its foodborne relative.
C. jejuni, a species of gram-negative bacteria commonly found in animal feces, is one of the
most common causes of human gastroenteritis and has been linked with subsequent
development of Guillain-Barré syndrome. A dose as low as 400-500 organisms can cause
infection. DNA aptamers for Campylobacter jejuni have been incorporated into sensing
platforms (Bruno et al., 2009; Stratis-Cullum et al., 2009). The former used a sandwich assay,
comprised of aptamers conjugated to both magnetic beads and red quantum dots, in order
to detect the bacterial protein in food matrices (see section 2.4). The latter implements a
capillary electrophoresis immunoassay to characterize the bacterial cells.
Detection of E. Coli O157:H7 is of high priority in food surveillance as infection with this
gram-negative bacteria can lead to hemorrhagic diarrhea, and occasionally kidney failure,
especially in vulnerable populations such as infants and the elderly. Sensitive methods are
particularly important here as the infectious dose can be as low as 10-100 organisms. Several
DNA and RNA aptamer-based platforms have been developed for strains of food-borne
E.coli., which serve as models for O157:H7 detection. One example is an aptamer-modified
single-walled carbon nanotube in both field-effect transistors (So et al., 2008) and label-free
potentiometry measurements (see section 2.4) (Zelada-Guillen et al., 2010) to provide rapid,
reusable biosensors. Additionally, a FRET-based assay using a DNA aptamer for E. coli. has
been developed (Bruno et al., 2010).
Francisella tularensis–japonica is a bacterial pathogen that causes tularemia in humans and
can be transmitted through contact with infected animals. With an estimated infectious dose
of 1 bacillus, signs of the infection in the form of skin lesions occur within 3-5 days. Other
signs include, fever, lethargy, anorexia and potentially death. A DNA aptamer cocktail for
this bacteria was selected with 10 rounds of SELEX. Upon testing in a sandwich AptamerLinked Immobilized Sorbent Assay (ALISA) and dot blot analysis, the aptamer cocktail,
which contained 25 unique sequences, exhibited good binding specificity in its ability to
recognize only the bacteria in comparison to Bartonella henselae, pure chicken albumin or
chicken lysozyme (Vivekananda & Kiel, 2006). Thus, it appears that this novel anti-tularemia
aptamer cocktail may find application as a detection reagent for F. tularensis (Jones et al,
2005).
Listeria Monocytogenes is a virulent foodborne bacteria that causes hundreds of deaths in the
US annually. The FDA, USDA and EU have all implemented a zero-tolerance rule for L.
monocytogenes in ready-to-eat foods, leading to a substantial effort to develop very sensitive
biosensors for the pathogen. Aptamer-based sensors have been developed to detect
components of the Listeria monocytogenes bacteria. One platform uses magnetic beads
conjugated to DNA aptamers for target detection and also investigated therapeutic
applications for this platform. Another platform currently developed involves an antibodyaptamer functionalized fibre optic sensor that detects L. monocytogenes cells from
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contaminated ready-to-eat meat products such as sliced beef, chicken and turkey
(Yamamoto et al., 2008, 2009, 2010).
Salmonella enterica is among the most commonly encountered bacteria and a prominent
cause of foodborne illness around the world. Most frequently found in contaminated beef
and poultry, the infectious dose for the enteric subspecies typhimurium is approximately 104
bacilli (Srinivasan et al, 2004). It is a notable target of interest as it has been demonstrated to
have a multi-drug resistance. Joshi and co-workers (2009) have reported a DNA aptamerbased platform for capturing and detecting S. typhimurium outer membrane proteins at low
levels using magnetic beads. Conversely, an RNA aptamer was selected for the IVB Pili
protein of S. typhimurium, which is linked to the pathogenesis of the bacteria. The 70-nt
sequence was determined to have low nanomolar binding constant a stem-loop secondary
structure. Further studies found that the aptamer could also significantly inhibit the protein
into human monocytic cells (THP-1) (Pan et al., 2005), demonstrating its potential as a
therapeutic.
The U.S. FDA estimates an infectious dose of 105-106 bacilli for Staphylococcus aureus
(Schmid-Hempel & Frank, 2007). This bacteria is well known for causing a wide range of
illnesses from minor wound infections to major diseases such as pneumonia. Staphylococcal
food poisoning can cause symptoms such as nausea, vomiting, retching and abdominal
cramping. Whole-bacteria subtractive SELEX was performed on Staphylococcus aureus to
yield an aptamer cocktail of five sequences (Cao et al., 2009). As determined by competition
experiments and flow cytometry, the sequences were effective in binding to various strains
of the bacteria in a mixture.
Yersinia enterocolitica, a rare foodborne bacteria, has a relatively higher infectious dose than the
above mentioned bacteria (~109 bacteria) but nevertheless produces similar clinical symptoms
including diarrhea, mild fever and abdominal pain. It is often found in undercooked pork but
also in unpasteurized milk and untreated water. One promising study comes from Bell et al.
(1998) where two aptamers were selected for the PTPase enzyme, Yop51, which has been
considered a virulent determinant for Yersinia. The sequences were characterized with
nanomolar binding and found to effectively inhibit the enzyme, which have important
implications in viral replication. It was found that the two sequences shared a 21-residue motif
and bound specifically to Yop51 over a homologous PTPase called rat PTP1.
2.3.2 Viruses
Despite the existence of pathogenic foodborne viruses, few virus-targeting aptamers have
been developed. Aptamers for food viruses such as Apple Stem-Pitting Virus (ASPV) have
also demonstrated their significance in the food industry. Although these viruses may not
necessarily be contracted by humans, they compromise the integrity and appearance of
crops in agricultural development, which ultimately impacts their marketing value and can
result in a loss of revenue. This aptasensor example (Lautner et al., 2010) and its
applicability will be discussed in section 2.4.
2.3.3 Other macromolecular targets
There are other targets that do not fall under the classification of bacteria or viruses that are
relevant for food safety detection. One example is the botulism neurotoxin. This protein is
associated with Clostridium botulinium, a common contaminant can in canned foods that
have been improperly prepared (e.g. heated before canning). The neurotoxin has a very
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lethal dose (~ng of bacteria) and is considered one of the most poisonous substances known.
Tok & Fischer (2008) selected a DNA aptamer for two botulinum neurotoxin-related targets,
BoNT-toxoid and BoNT Hc-peptide. Using single microbead SELEX, the study resulted in
high-affinity sequences that competitively bound to the target over corresponding
antibodies. Another noteworthy example that has been studied over the past few years is
egg-white lysozyme, a protein considered to be an allergen-trigger in consumers with egg
allergies. A few promising aptasensor platforms developed so far include label-free
voltammetric assays (Cheng et al, 2007), Faradaic impendance spectroscopy (Rodriguez et
al., 2005) and RNA microarray technology (Collett et al., 2005).
2.4 Pathogen case studies
As seen in Table 2, there are several biosensor platforms that may be applicable to realworld food testing. Here, we highlight a few recent aptamer-based sensors from the
literature that have been used and tested directly in food samples.
2.4.1 Real-time potentiometric detection of bacteria in complex samples
One example of a feasible aptasensor for use in pathogen detection in food is the work
presented by Zelada-Guillén and co-workers. They report the development of an
electrochemical aptasensor using single-walled carbon nanotubes (SWNT) to selectively
detect a non-pathogenic strain of E. coli cells to serve as a model for pathogenic strain
O157:H7. Their motive for this aptasensor was to provide a simple, rapid and label-free
means of detecting the target with comparably high sensitivity and selectivity.
The aptamer-based sensor was prepared by depositing SWNT on a polished glassy carbon
surface. Amino-modifed aptamers for E. coli CECT 675 were tethered to the SWNT carboxyl
groups via EDC/NHS chemistry. For E. coli CECT 675 testing in phosphate buffered saline
(PBS), electromagnetic field (EMF) response was recorded to provide insight into the
aptasensor’s performance in terms of its stability and response. A rapid increase in EMF
signal was observed from 4 cfu/mL to ~104 cfu/mL with 50% of the response achieved
within seconds. The signal remained stable over almost 2 hours. Upon regeneration of the
sensor, the EMF baseline remained the same and it was determined that regeneration could
be done up to five times before the detection limit and sensitivity were compromised. The
selectivity tests showed no cross-reactivity indicating that the aptamer not only had
preference for its target but it could also discriminate the particular E.coli strain. In order to
detect the bacteria in real beverage samples, the ionic strength of the sample needed to be
controlled through a prefiltration step to prevent a false-positive response. The biosensor
was tested on apple juice and skim milk samples that had been spiked with with E. coli
CECT 675 and were compared to control samples of the liquid matrices (Fig. 6). Specificity
was confirmed through controls of buffer, juice and milk contaminated with E. coli CECT
4558, Lactobacillus casei CECT 4180 and Salmonella enterica CECT 409. The aptasensor was
exposed to increasing concentrations of bacteria. EMF measurements were made with a
change in concentration every 10 seconds. Simultaneous measurements using the plate
count method and the MacConkey agar test were conducted for experimental validation.
The limit of detection for CECT 675 in milk was determined to be 6 cfu/mL and in apple
juice was 26 cfu/mL. These detection limits are comparable with European regulated limits
demonstrating the sensor’s applicability in food testing. Incorporating O157 aptamers in a
similar biosensor format therefore holds a great deal of potential.
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Fig. 6. Detection of microorganisms in liquid matrices via potentiometry. (a) Sample of skim
milk containing 12 cfu of E. coli CECT 675 (1) compared to uninfected milk (2). (b) Sample of
apple juice containing 26 CFU of E. coli CECT 675 (1) compared to uninfected juice. Insets in
both graphs demonstrate the importance of pretreatment of these samples to reduce false
positive results caused by other charged species in the samples. (c) Selectivity studies in
milk (left) and apple juice (right) samples with 103 CFU/mL of various bacteria (L. casei, S.
enterica, E. coli CECT 4558). Reproduced with permission from ACS.
2.4.2 Plastic-adherent DNA aptamer-magnetic bead and quantum dot sandwich assay
for Campylobacter detection
Another example of a promising aptasensor for food safety is presented by Bruno et al.
where they have developed a sandwich assay for Campylobacter jejuni. This concept of a an
assay built from aptamer functionalized magnetic beads and quantum dots is based on their
previous assay developed for BT spores (found in Table 2). The schematic of the assay is
illustrated in Fig. 7. Two amino functionalized aptamers, designated C2 and C3 were
prepared. C2 was conjugated to magnetic beads to behave as the capture probe, while C3
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was conjugated to red CdSe/ZnS quantum dots to behave as the reporter probe. Equivalent
amounts of the two aptamer particles were added to a 1cm polystyrene cuvette. Live and
heat-killed C. jejuni bacteria were transferred to the cuvettes and with the facilitation of a
magnet, the probes were led towards the inner face of the cuvettes allowing them to adhere
to the surface. This eliminated the need for washing steps and allowed fluoresence to be
measured in one plane with low background signal (Fig. 7). Moreover, the assay
components could remain on the wall of the cuvette for up to a few weeks in sterile buffer at
ambient temperature.

(a)

(b)
Fig. 7. (a) Schematic illustrating concept of sandwich assay for Campylobacter jejuni detection.
(b) Assay of 10-fold serial dilutions of C.jejuni in binding buffer. Reproduced with permission
from Springer.
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Fluoresence emission from the quantum dot conjugated aptamer was measured and the
detection limit in binding buffer was found to be 2.5 cfu/mL for both live and heat-killed C.
jejuni bacteria (Fig. 8). Bacterial detection was also attempted in diluted food matrices such
as 2% milk, chicken juice and ground beef wash. The detection limit for both live and heatkilled C. jejuni bacteria was determined to be in the range of 10-250 cfu/mL. In this case, a
portable fluorometer could be effectively used as the fluorescence detector allowing this
biosensor to serve as a practical field-based detection kit.
This aptasensor was also previously found to have very low cross-reactivity with other
bacteria such as E. coli O157:H7, L.monocytogenes and S.typhimurium. In the present study,
the aptasensor was further tested against different species of Campylobacter such as C. coli
and C. lari in addition to other bacterial genera. The resulting cross-reactivity was observed
to be very low for species outside the Campylobacter family but was fairly high for those
within the genus, indicating potential use for detecting these other two pathogens.

Fig. 8. Detection of C.jejuni bacteria in various food matrices using spectrofluorometry. Tenfold
serial dilutions (using binding buffer as diluent) from 2.5 x 106 cfu/mL to 0 bacteria, indicated
by the direction of the arrows, were measured. Reproduced with permission from Springer.
2.4.3 Aptamer-based biochips for label-free detection of plant virus coat proteins by
SPR imaging
Apart from human health as a factor that is accounted for in food biosensors, food quality
and integrity are also of importance. The appearance of food can influence the consumer’s
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decision to buy based on their perception of what “looks safe”. Apple-stem pitting virus
(ASPV) is a widely spread filamentous virus associated with growth disorders of pome
fruits (e.g. apples and pears). Characteristics of the virus include yellowed veins and
darkened spotted areas that appear charred. Current methods in detecting the virus such as
real-time PCR are effective yet involve pre-treatment of samples and may become less
sensitive when evolved strains of the virus are present. Thus, a label-free aptamer-based
sensor for ASPV detection was proposed by Lautner and coworkers. Their sensor is
composed of thiolated aptamers for ASPV coat proteins, PSA-H and MT32, tethered to a
gold sensor chip surface (Fig. 9). Similarly, other sensor chips were prepared with random
sequences for comparison. The sensor was tested with different concentrations of PSA-H
and MT32 in PBS using Surface Plasmon Resonance (SPR) which allowed the determination
of (Kd) for each aptamer. These were 55nM for the MT32 aptamer, 8nM for the PSA-H
aptamer.

Fig. 9. Schematic of aptamer-based biochip for ASPV detection. Reproduced with permission
from RSC.
Calibration curves were measured with the aptamer-functionalized surfaces and increasing
concentrations of MT32 in apple leaf extract. The measurements on the graph were made
relative to the surface prepared with a same-length random sequence. Specificity of the
aptamer to its respective target was demonstrated and a nearly linear response was
obtained. For detection of real ASPV-infected samples, ASPV-positive and ASPV-negative
plant extracts were tested. Fig. 10 shows the response curves for the samples at different
dilutions. The SPR signal predictably decreases upon a decreasing concentration of virus,
indicating that this is a feasible method for virus detection in real samples.

3. Conclusion
Aptamers are proving to be effective molecular recognition probes for the analysis of high
priority food contaminants. Aptamer-based biosensor platforms generally show sensitivities
and specificities that could allow them to be competitive with existing detection methods.
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Fig. 10. SPR response curves of the MT32-based aptasensor detecting ASPV in apple leaf
extracts at serial dilutions of total protein content. Reproduced with permission from RSC.
The in vitro nature of aptamer selection allows for a theoretically limitless variety of targets
for which aptamers can be generated. This area of research is still in its infancy and the
examples provided here represent only a small fraction of the potential aptamers which
could be developed. In terms of small molecule targets, more focus should be paid to
mycotoxins, given their prevalence and deleterious health effects. Similarly, aptamers for
viral food pathogens are underrepresented, and should be investigated, particularly those
related to gastroenteritis, such as rotaviruses and noroviruses. While several existing
aptamer platforms have been tested in complex food matrices, it remains to be seen how
many of these systems will perform under real-world conditions. Nevertheless, aptamer
technology presents an opportunity for the development of robust, low cost, specific
biosensors for food-safety applications.
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1. Introduction
The dynamic worldwide agri-food market has produced increased biological, chemical and
physical threats to food products, and a bigger consumer demand on process control,
quality and safety of these products. As a result, farmers and processors are using
technological tools to allow for the quick, effective and efficient determination of hazards
inherent to safety and quality of products.
Biosensors are an important option in the agricultural and food sectors to control production
processes and ensure food quality and safety by reliable, fast and cost effective procedures.
Biosensors are promising alternatives to conventional analytical tools since they offer
advantages in size, cost, specificity, rapid response, precision and sensitivity.
The agricultural and food industry integrates the production, processing and
commercialization of agricultural materials for specific markets and consumer demands.
Each step in the agricultural and food production chain is susceptible to several threats since
agricultural materials and food products are transported to different parts of the world,
favoring the loss of quality and the transmission of diseases.
The biological, chemical and/or physical threats may be the result of environmental
contamination or failures during food handling, processing, packing and distribution.
Detect, correct and prevent these failures are the basis for the development of quality
management systems to ensure food safety.
According to the World Health Organization (WHO), each year millions of people around
the world are affected by foodborne diseases. Biological risks produced by bacteria, viruses
and biotoxins, chemical substances (e.g., additives), food nutrients used to add product
value, pesticides, veterinary drugs residues, and processing operations and technologies
that may generate polycyclic aromatic hydrocarbons (PAHs) derived from proteins
decomposition, or mutagenic agents (e.g., tryptophan) in cooked foods, constitute risks to
consumers health.
On the other hand, consumer demands have contributed to dramatic changes in the
production and commercialization of foods, leading producers to search for innovative
products and technologies. Furthermore, recent food crises have caused concerns regarding
the safety of food products, resulting in increased sanitary standards. Today, food safety
and food quality are key elements that influence consumers purchasing behavior. However,
consumer perception varies with ethnicity, purchasing power, education level and
awareness. Consequently, there are consumer groups that make purchasing decisions based
on product price, regardless of food handling practices and potential public health risks;
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while other consumer groups, aware of the importance of quality, safety and traceability,
demand foods with high quality and safety standards, such as healthy, fresh, organic and
additives-free products and are willing to pay the added value.
Food-related conflicts, higher demands for novel and safe foods, and better consumer eating
habits, have imposed challenges on food producers to minimize potential health risks and
build consumer-producer relationships that offer confidence and security to customers. This
requires the development of effective traceability technologies throughout the food chain.
Within this frame, biosensor technologies surge as effective and efficient alternatives to
control production processes and ensure food quality and safety.
Although the initial development in biosensor technologies was done in the biomedical
field, the ability to detect, analyze and quantify molecules of different biological origins and
the diversity of measuring principles, resulted in the creation of personalized biosensor
designs to cover a wide range of technical needs. The various operating principles have
allowed the creation of biosensors to analyze external substances in food products such as
pesticides, fertilizers and dioxins residues, water and soil residues (accidentally incorporated
to the food chain), genetically modified organisms, pathogenic microorganisms and their
toxins, and food components such as antinutrients, allergens, drugs, additives, and
hydrocarbons.
Regarding food quality, biosensors have been useful for the evaluation of food composition,
particularly in food products from plant and animal origin that are transformed during
postharvest and processing. The sensory properties and chemical composition will depend
on factors such as storage temperature conditions, exposure to sunlight, oxygen level and
best handling practices. However, if these factors are not well managed, catalytic and
enzymatic processes can lead to the generation of substances that cause undesirable changes
in texture, color, taste, smell and aroma. Also, biosensors can be used in products enriched
with components such as vitamins, minerals, and antioxidants. They quantify the different
food components to evaluate rancidity, maturity, decline and shelf life and detect substances
used as indicators of food freshness.
Another agro-industrial application for biosensor is in controlling the various steps involved
in the farm to consumer chain, which is vital in the development of modern industrial and
manufacturing processes. Biosensors allow the manipulation and real time monitoring of
variables such as pH, temperature, pressure, oxygen, flow and volatile substances, affecting
productivity, profitability and safety of food processing operations. Biosensors can also
quantify compounds found in low or high concentrations (e.g., sugars, amino acids, alcohols,
and acids), as they may become the limiting factors in a production process.
The detection of genetically modified organisms (GMO) is another useful application for
biosensors, since several countries have laws regulating the commercialization of GMO
products and their derivatives. Biosensors can also be useful in the implementation of
hazard analysis and critical control points (HACCP) plans by verifying process developments
and correcting errors in due time.
Biosensor technologies and nanotechnologies are being used together in many food and
agricultural applications such as the development of nano-scale tools for biosafety, nanoscale compounds for food packaging, and nano-sensors for pathogen detection in animals
and plants, among others. These are helpful tools in the detection and control of potential
food contaminants by the agricultural and food industries.
In the first section of this chapter, we describe current biosensor applications for food
security in two main areas: detection of foodborne pathogens and detection of chemical
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contaminants. Pathogens detection is important in the prevention of microbiological hazards
acquired during the production, processing, storage, transportation and distribution of food
products. We will highlight the use of biosensors for the detection of microorganisms
responsible of large economic losses in the food industry due to productivity loss, medical
costs and food product recalls, including Salmonella, Listeria monocytogenes, Campylobacter,
and Escherichia coli. We give a comprehensive view on the role of biosensors in pathogens
detection and discuss constraints such as pre-treatment requirements and analysis time. The
detection of chemical contaminants outlines biosensor applications in the determination of
contaminant residues including pesticides, fertilizers, heavy metals, food additives and
antibiotics. Antibiotics are of great concern for consumer health since they create resistance
to microorganisms. The importance of the appropriate HACCP plan implementation is
discussed together with its impact in the meat, milk and honey processing industries.
Examples of enzyme biosensors are presented, especially those with greater sensitivity and
faster response time.
The second section covers biosensors as low-cost, easy to use analytical tools for the fresh
product industry, with emphasis on food quality, as defined by food nutritional value,
safety, and acceptability. Food quality is evaluated through organoleptic parameters
(freshness, appearance, taste and texture), where food composition allows the verification of
the type of elements present in a given food. In this case, biosensors are used for the
quantification of starch, glucose, lactose, lecithin, and ethanol as indicators of quality and
consumer acceptability. We also describe the use of biosensors for the evaluation of
freshness and shelf life. The detection of polyphenols in olive oils, short-chain fatty acids in
milk and dairy foods, amines formation in fish; rancidity evaluation; quantification of
glucose and fructose as indicators of fruit ripening and firmness, are among the various
applications described in the second section.
The last section describes the use of biosensors in controlling processing operations,
including HACCP plans. The importance in productivity, performance and efficiency in
biotechnological processes is discussed and the online identification and quantification of
various compounds (e.g., amino acids, sugars and alcohols) is highlighted. These
determinations allow the monitoring of high or low concentrations of components that
significantly affect the processing of foods. In the case of sugars, we will describe
amperometric biosensors used to determine glucose using glucose oxidase in fruit juices,
lactose using ß-galactosidase and glucose oxidase, and lactulose using ß-galactosidase and
fructose dehydrogenase (an enzyme used as indicator of excessive thermal processing of
milk). We will also describe the use of amperometric biosensors for the determination of
alcohol using the enzyme dehydrogenase from Gluconobacter oxydans. Emphasis will be
given to the monitoring of fermentation processes, including the description of interfering
compounds (e.g., ascorbic acid and tyrosine), procedures to remove such compounds, and
correction methods that reduce the duration of the analysis, including filtration, evaporation
and acid or alkaline hydrolysis. Biosensors characteristic such as specificity, analysis time,
automation, and sensitivity will be discussed. Finally, the challenges facing the food
industry and the new trends in biosensors technology are presented.

2. Biosensors in food security
Food Security refers to the availability and continuous, timely and permanent access to
foods that meet quality and safety standards by the entire world population (FAO, 1996).
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Food agro-industrialization is a strategy that allows guaranteeing the continuous availability
of foods. However, physical, biological, and chemical hazards from preharvest to storage
and final product marketing, may affect food quality and safety.
Physical pollutants affect the quality of food components, mainly influencing product
appearance and causing rejection by consumers. To prevent physical damage, it is necessary
to maintain control over every stage of the process, and manage logistics, including the
compliance with personnel safety standards and the assurance of good infrastructure
conditions in the food industry.
Biological hazards are primarily caused by microorganisms and their toxins, which may or
may not affect the organoleptic properties of foods but nevertheless affect consumer health.
Food poisoning and infections have a strong economic and social impact, causing loss of
productivity due to morbidity and mortality (Vásquez de Plata, 2003).
Microorganisms involved in biological hazards that require specific processing interventions
include bacteria belonging to the genus Salmonella, Shigella, Escherichia coli, Listeria
monocytogenes and Clostridium botulinum. Microbiological analyses during processing and on
final products have been traditionally used to assure the control of these pathogens. These
methods are based on the detection of potential pathogenic microorganisms through their
isolation in differential and selective growth media, requiring long response times (ranging
from 48 hours to 5 days), and also involving high identification costs (Meng & Doyle, 2002).
Another traditional method for the detection of pathogens in food and human and animal
biological tissues is through enzyme-linked immunosorbent assays (ELISA) (Arbault et al.,
2000; Nowak et al., 2007; Deng et al., 2008; Cabrera et al., 2009). The ELISA test is based on
qualitative or quantitative color changes, using an enzyme as a reaction biomarker between
an antigen and an antibody. If the substrate of the enzyme is cromogenic, a strong color
change will indicate a greater concentration of the analyte (Sismani et al., 2008). However,
the reuse of antibody receptors linked to enzymes increases the cost of detection, as well as
the limited sensitivity of antibodies increases the possibility of unreliable results in a rapid
test (Turner et al., 2009).
Biosensors offer rapid and effective detection options to control biological hazards. Biosensor
technologies are advantageous due to the potential for miniaturized, rapid, specific, and
sensitive detection of biological hazards (Pathirana et al., 2000; Ropkins & Beck, 2000).
2.1 Biosensors used for the detection of bacteria
2.1.1 Salmonella
Salmonella are Gram-negative bacteria naturally found in the gastrointestinal tract of warmblooded animals and humans (Nowak et al., 2007; Lu et al., 2009). When out of their natural
habitat, these bacteria are able to survive in water and food products. The consumption of
contaminated food products causes diseases such as enteric fever and salmonellosis.
The majority of food processing plants are not equipped with water purification systems,
and Salmonella becomes the principal biological contamination hazard (White et al., 2002).
For the rapid detection of Salmonella, piezoelectric antigen-antibody biosensors are used.
These sensors may apply the Langmuir-Blodgett (LB) monolayer method, which is based on
the immobilization of amphiphilic antibodies. The antibodies are captured and distributed
uniformly in a liquid having affinity to the antibody. Antibodies can be monoclonal or
polyclonal; however, the use of monoclonal antibodies is ideal because it offers greater
specificity. As shown in Figure 1, when submerging a support probe with a polar and a nonpolar surface, little interaction with the antibody occurs. However, binding between the
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antibody and the polar surface (antibody film) will occur when the support emerges from
the liquid. The support will have transduction resonance properties, i.e., when affinity with
antigen takes place, the resonance frequency will be affected due to increased mass in the
crystal support (Guntupalli et al., 2007).

Emerge

{

Antibody

nonpolar
polar
water or buffer

Fig. 1. Antibodies film formation in the support following the Langmuir-Blodgett technique
when emerging from the solution.
The sensor platform used by Guntupalli et al. (2007) is made of magnetostrictive
Fe40Ni38Mo4B18 and immobilized polyclonal rabbit antibodies using the LB method to detect
Salmonella typhimurium by measuring changes in surface pressure by the Wilhelmy method.
The system reaches equilibrium in the surface in order to reduce vibrations generated by
external factors, in such a way that frequency and amplitude changes are only caused by
mass variations in the crystal. This method was studied using different biosensor sizes and
it was concluded that better changes in resonance frequency were achieved with small
sensors. In these sensors, the resonance frequency decreases with an increase in the number
of pathogen microorganisms bound to the antibody. As a consequence, to detect Salmonella
it is convenient to use bigger biosensors since smaller ones would not allow enough contact
area with the antigen, and low pathogen concentrations would not be detected. Figure 2
shows the common detection method for pathogens or bacterial cells by using a resonance
magnetoelastic biosensensor.
Many Salmonella detection studies focus on this type of biosensors. The advantage of using
these biosensors with antibodies as the recognition element is their high specificity,
sensitivity, chemical stability and rapid response; however, as mentioned earlier, the low
specificity achieved by polyclonal antibodies may be a drawback in some sensors. These
biosensors are used in water sanitation control, which is required in all food transformation
processes. They are also used in milk production and in the control of milk products,
including milking equipment, pollution system, pumps, farms or livestock stables, processing
industry and finished products.
2.1.2 Listeria monocytogenes
Listeria monocytogenes, a Gram positive, flagellate microaerophilic coccobacillus, can cause
listeriosis associated to the consumption of fresh and processed foods such as meats,
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Fig. 2. Detection of pathogens or bacterial cells using a magnetoelastic resonant biosensor by
the change in amplitude of the resonant wave, due to frequency variation when the analyte
binds to the receptor (Guntupalli et al., 2007).
shellfish, unpasteurized milk and vegetables (Sánchez et al., 2009). The disease produces
little morbidity but important mortality in humans and animals, with symptoms such as
muscle pain, nausea, diarrhea and chills. Complications are serious since it affects the
central nervous system, causing seizures, headaches and even comatose state. Similarly to
the bacteria genus Salmonella, L. monocytogenes has had negative repercussions at productive,
economic and social levels (FAO/WHO, 2004).
Unlike E. coli and Salmonella, Listeria monocytogenes can grow at refrigeration temperatures,
being only inactivated by high temperature and pasteurization treatments (FAO/WHO,
2004). Due to its ability to adapt to a wide range of pH and temperatures, it is associated
with silage or poorly fermented foods. Organic acids, such as lactic acid produced during
fermentation, inhibits the growth of Listeria monocytogenes at pH <5.2 being more effective
than inorganic acids such as hydrochloric acid (HCl), where the bacteria can growth at pH
4.8 (Pellicer et al., 2009).
A rapid detection of this pathogen is essential. Biosensors offer advantages over traditional
methods that need longer test time and specific growth media before the pathogen is
detected (Geng et al., 2004). The use of optical biosensors allows the reaction between
receptor and analyte, providing confidence, specificity and less time for detection. The
excitation of atoms related to the receptor-analyte reaction, results in mass, energy, and
physical changes that are captured by the biosensor. In this way, real time data is used to
identify bacteria, viruses or toxins. Moreover, these biosensors allow the identification of
pathogens at low concentrations (Geng et al., 2004).
A fiber-optic biosensor can be used for the detection of Listeria monocytogenes (Geng et al.,
2004). It is based on the measurement of fluorescent light generated by a wave when there is
a change in resonance. The biosensor uses monoclonal fluorescent antibodies that generate
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excitation of atoms and wave production when bound to the pathogen. The biosensor is
made of a polystyrene support that immobilizes the antibodies. The antibodies are obtained
by inducing the immune response of rabbits after inoculating with Listeria monocytogenes for
three months (Leonard et al., 2004). The quick response from this biosensor and the
specificity against L. monocytogenes were verified in the presence of bacterial pollutants
common in foods such as E. coli, Enterococcus faecalis, and S. enteric. Its response in cold
(4 °C) and salty conditions showed lower reaction rates due to "stress" of the monoclonal
antibodies at low temperatures. The biosensor also showed a reduction in sensitivity at low
L. monocytogenes concentrations when the medium contained other microbiota able to affect
the antigen-antibody reaction (Geng et al., 2004). The fiber-optic biosensor detects
concentrations from 107 to 108 CFU/ml (Geng et al., 2004). In situations where the product is
suspected to contain L. monocytogenes counts below 107 CFU/ml, an enrichment step prior to
the biosensor detection is required.
Although optical biosensors have been widely implemented for the detection of L.
monocytogenes, biosensors using surface plasmon resonance (SPR) had shown better
response. Although SPR sensors are more expensive than fiber optic sensors, they are the
best alternative for a rapid - 5 to 15 minutes – detection (Van der Merwe, 2011). In addition,
low concentrations of bacteria (105 L. monocytogenes CFU/ml) can be identified (Leonard et
al., 2004), thus sample enrichment prior to analysis is not required.
SPR biosensors have disadvantages that are important to consider too, such as wear of the
miniaturized and thin plate or support where the light wave contacts the sensor. The use of
these biosensors for high-performance detection tests is not recommended. The efficiency,
speed and sensitivity of the biosensor increases when the analytes are large molecules such
as cells (Van der Merwe, 2011), since mass change on the surface is the basis for detection
(Van der Merwe, 2011).
Fiber optic and SPR biosensors help preventing the spread of foodborne illnesses and ensure
food safety in processed and minimally processed foods. In addition, their nano-scale
dimensions offer advantages for handling, transporting, storing, processing, and distributing
foods.
2.1.3 Campylobacter
The genus Campylobacter, are Gram negative bacteria, characterized for being microaerophiles
(oxygen concentrations between 3-5%), comma-shaped or "S" flagellates, with motility (Ryan
& Ray, 2010).
Infections caused by these bacteria are the main cause of gastroenteritis, being very frequent
in children. Campylobacteriosis causes symptoms such as fever, abdominal pain, diarrhea,
vomiting, and nausea. The disease has side effects including reactive arthritis and muscle
pain due to alterations in the immune system (WHO, 2000). Campylobacter can be found in
poultry and other birds, cattle, and even seafood (WHO, 2000). Poor cooking practices in
processed meats and dairy products further favor the spread of this thermophilic bacterium.
An efficient and opportune detection prevents the spread infections among animals and
humans. Traditional microbiological methods for the identification of Campylobacter require
3 to 4 days (Wei et al., 2007). The difficult phenotypic characterization further complicates
the proper identification of the bacteria (On, 2001). In this case, biosensors are also reliable
for a rapid detection of the microorganism.
A SPR optical biosensor has great sensitivity for Campylobacter, being capable of rapidly
detecting concentrations of Listeria monocytogenes having the specific antibody for
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Campylobacter populations of at least 103 CFU/ml (Wei et al., 2007). To obtain these results,
four antibodies from different manufacturers were used and reactivity, specificity and
sensitivity tests were done, showing a maximum detection dilution of 1/200 for the chosen
antibody. Reactivity tests were verified with an ELISA test, using inhibitors and denaturing
agents to check whether the bacteria could be detected by antibodies even after inactivation.
High temperature pretreatments did not result in changes in the detection capabilities of the
biosensor. The specificity of the biosensor was also tested by the binding between the
antibody and Campylobacter in the presence of other bacteria. Other bacteria exhibited
temporary union with the antibody due to a weak association promoted by precipitation
with glycine buffer. The sensitivity of the SPR biosensor was tested in pure bacterial
populations ranging from 101 to 108 CFU/ml, with adequate detection starting at
populations of 103 CFU/ml (Wei et al., 2007).
Campylobacteriosis illness is mainly spread by eating contaminated food, being a major
problem in poultry production. Optical SPR biosensors are not the only detection methods,
but other types of recognition elements such as DNA, RNA, enzymes, and tissues could be
implemented; since interactions with other types of cells and/or macromolecules may
probably occur.
2.1.4 Escherichia coli
Escherichia coli is a Gram negative bacilli normally inhabiting the intestine of humans and
warm blooded animals (Darnton et al., 2007). An E. coli strain, known as 0157:H7, may cause
inflammation in the small intestine, causing severe diarrhea (including bleeding) and kidney
damage (Lin et al., 2010). These bacteria are also responsible for the hemolytic uremic
syndrome (Waswa et al., 2007), which is an infectious and contagious disease characterized
by kidney failure, microangiopathic hemolytic anemia, thrombocytopenia, coagulation
defects and other neurologic disorders.
The infection caused by E. coli results from ingesting food, mainly fresh fruits and
vegetables, and/or contaminated water. Infections may also be caused by eating poorly
cooked animal foods or foods that were washed with contaminated water (WHO, 2005).
Animal derived foods such as raw milk can have a high E. coli count, either due to
inadequate feeding of animals or diseases such as bovine mastitis, resulting from poor
cleaning of processing equipment and/or inadequate sanitation practices.
E. coli grows at temperature ranging from 7 to 50 °C, and has the ability to grow in acid
foods with pH down to 4.4 and with low water activity. Therefore, a minimum of 70 °C in
the food is required to inactivate the bacteria (WHO, 2005).
When considering the effects that infections may produce in human and animals through
food and water, traditional detection methods for E. coli that require 24 to 48 hours are
considered time consuming and costly. Therefore, fast, simple, efficient and cost-effective
methods are needed, and the development of biosensors may play a key role in detecting
small E. coli concentrations (Gfeller et al., 2005).
There are different methods for a rapid detection using biosensors with detection limits
down to 103 E. coli CFU/ml in less than 10 hours and confirmation using PCR (Tims & Lim,
2003). Other techniques use biosensors for detecting bacteria by flow cytometry followed by
inmunomagnetic separation. This technique can detect down to 4 cells/g of E. coli in beef, in
a 7 hours time frame (Seo et al., 1998).
E. coli detection in shorter time has been done using amperometric biosensors, through the
detection of hydroxyl radicals produced by E. coli oxygen reduction during aerobic
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metabolism (Tang et al., 2006). This technique uses the covalent immobilization of enzymes
lactase and peroxidase on indium and tin oxides, and the oxidation of salicylic acid to
polyphenolic compounds by hydroxyl radicals. Enzymes can act on polyphenolic
compounds, where the enzyme lactase in presence of oxygen produces quinones and
peroxide residues that serve as electron donors and the enzyme peroxidase catalyzes the
reaction on other polyphenolic compounds. The latter reaction also generates quinones,
producing a reversible reaction measured by the amperometric biosensor. The amount of
polyphenolic compounds generated through the microbial metabolic cycle depends on the
concentration of E. coli cells.
2.2 Biosensors used for the detection of contaminant residues and pesticides
Pesticides (herbicides, fungicides, and insecticides) are used worldwide due to their wide
range of activity. The presence of pesticide residues and metabolites in food, water and soil
currently represents one of the major issues in environmental chemistry research (Mostafa,
2010). Due to their increasing use in agriculture, pesticides are among the most important
environmental pollutants. However, the existing analytical methods for the determination of
organophosphate pesticides and N-methyl carbamates are complex or not existent for some
compounds. High Performance Liquid Chromatography (HPLC) is an appropriate
technique for the determination of these compounds since it preserves pesticide stability.
However, to set the adequate sensitivity for the method, several pretreatment steps are
required, adding time and cost (Hiemstra & De Kok, 1994). Due to the restrictions in
conventional methodologies, the development of biosensors for direct and indirect pesticide
detection is of particular interest. Serna et al. (2009) discussed the use of most common
enzymatic biosensors for the detection of pesticides, fertilizers, and heavy metals. Table 1
shows the biosensors that have been reported in the literature since 2004 for direct detection
of pesticides.
Enzymes like cholinesterase (AChE, BChE), organophosphorus-hydrolase (OPH), and urease
are used in the design of electrochemical biosensors for pesticides detection. Analytical
devices, based on OPH and cholinesterase inhibition, have been widely used for the
detection of carbamates (Zhang et al., 2005) and organophosphate compounds (OP) (Pavlov
et al., 2005). OPH, an organophosphotriester hydrolyzing enzyme, has broad substrate
specificity and is able to hydrolyze a number of OP pesticides such as paraoxon, parathion,
coumaphos, diazinon, and dursban. Organophosphorus acid anhydrolase catalyzed
hydrolysis of OP compounds generates two protons as a result of the cleavage of the P-O, PF, substitution or P-CN bonds and an alcohol, which in many cases is chromophoric and/or
Electroactive (Mostafa, 2010). The resulting reaction ions are detected through
potentiometric biosensors. Another way to detect the action of the enzyme OPH is by
monitoring, through amperometric biosensors, oxidation and reduction reactions occurred
by the hydrolysis of the substrate.
OPH was used in a biosensor for the detection of paraoxon and parathion. The transducer
structure of the sensor chip consists of a pH sensitive electrolyte-insulator- semiconductor
(EIS) structure that reacts to pH changes caused by the OPH catalyzed hydrolysis of the
organophosphate compounds (Schöning et al., 2003). Conductimetric AChE biosensors have
been used to evaluate the toxicity of methyl parathion and its photodegradation products in
water (Dzyadevych et al., 2002). Similarly, biosensors using immobilized enzymes for the
detection of OP parathion hydrolase immobilized in a coal electrode have been developed.
The organophosphorus parathion hydrolase hydrolyzes parathion on p-nitrophenol and it is
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detected by its anodic oxidation (Schöning et al., 2003). Immobilized cells of Flavobacterium
sp have been used for the detection of methyl parathion. Whole cells of Flavobacterium sp. were
immobilized by trapping in glass fiber filter and were used as biocomponents along with
optic fiber system. Flavobacterium sp. has the enzyme organophosphorus hydrolase, which
hydrolyzes the methyl parathion into detectable product p-nitrophenol (Kumar et al., 2006).
Biosensors based on BChE are very sensitive in the detection of OP pesticide mixtures such
as clorfenvinfos and diazinon. Immunochemical techniques, including the piezoelectric
immunosensors, are gaining acceptance as alternative or complementary methods for the
analysis of pesticides. Immunosensors have great potential for monitoring herbicides in
drinking water (Yokoyama et al., 1995; Székács et al., 2003), dioxins concentration in real
environmental samples (Park et al., 2006), and the detection of polychlorinated terphenyls
(biphenyls) (Pribyl et al., 2006) and atrazine (Pribyl et al., 2003) among others.
Piezoelectric immunosensors “can be considered as alternatives comparable to other wellestablished immunochemical methods such as ELISA. In contrast to the ELISA techniques
that require labeling of reactants and about two hours per assay, this technique can be
automated, does not use markers and analysis results are available in a few minutes”
(Ocampo et al., 2007).
An inmunosensor is a biosensor using antigen-antibody reactions as the basis for detection.
Usually, the analyte contains the antigen or hapten and the antibody is attached to the
receptor. It is important to note that pesticides are generally small molecules that do not
produce immune response, and then it is necessary to unite these compounds to
inmunogenic molecules like proteins (haptens), keeping intact the chemical composition of
the compound to be analyzed. The design of the specific hapten is decisive in the
development of immunoassays, since it is responsible for determining the recognition
characteristics of the antibody (Haasnoot et al., 2000).
The piezoelectric inmunosensor uses a crystal quartz micro scale, in which the antigen, a
conjugate or an antibody, is immobilized to the glass surface. The antigen-antibody reaction
is detected by the oscillating piezoelectric crystal quartz that resonates at a fundamental
frequency and has a linear behavior with respect to its surface mass density. The operation
of piezoelectric resonators in liquid phases includes changes in the mass induced frequency
and effects induced by the change in viscosity or density of the surrounding liquid layers
(Kim et al., 2007; Fohlerová et al., 2007).
There are also other potentially toxic substances for humans, such as contaminated residues
present in water and soil, with a major impact on the environment accidentally reaching the
food chain (Serna et al., 2009). Some of these residues are by-products from diverse
industrial processes (dioxins) used as dielectric or hydraulic fluid agents (polychlorinated
biphenyls or PCBs) or generated from fossil fuels or wood burning (polycyclic aromatic
hydrocarbons or PAHs), benzene, toluene and xylene (named BETX) and derived phenolics.
Immuno-, enzymatic, and bio- sensors with complete cells are used for the detection of these
organic compounds (Patel, 2002).
2.3 Biosensors used for the detection of heavy metals
Heavy metals are toxic substances that accumulate in the organism and cause metabolic
alterations since there is no way of metabolizing or excreting them. We may accumulate
heavy metals when eating foods of animal origin, since animals have greater contact with
poorly treated water, can graze close to industries, and even eat foods treated with water
contaminated with heavy metals.
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Diseases caused by the ingestion if heavy metals include cardiovascular and respiratory
problems, infertility, irritations, inhibition of some hormonal activities, malfunction of the
principal organs, and death.
Devices have been designed to determine the concentration of heavy metals such as arsenic,
cadmium, mercury, and lead, in water and soil samples. These devices incorporate genetically
modified microorganisms and enzymes such as urease, cholinesterase, glucose oxidase,
alkaline phosphatase, ascorbate oxidase and peroxidase (Tsai et al., 2003), incorporated to
electrochemical and optical transduction systems.
Bi-enzymatic biosensors are used to detect enzymes inhibition in water. Enzymes like
alkaline phosphatase and acetyl cholinesterase are inhibited by the presence of heavy
metals, carbamates and organophosphates. Conductometric biosensors use immobilized
Chlorella vulgaris microalgae as bioreceptors. Chouteau et al. (2005) immobilized algae inside
bovine serum albumin membranes reticulated with glutaraldehyde vapors deposited on
interdigitated conductometric electrodes. Local conductivity variations caused by algae
alkaline phosphatase and acetylcholinesterase activities could be detected.
In addition, it is possible to detect the presence of cadmium through transduction systems
based on fiber optics. The biosensor detects the inhibition of the enzyme urease, can sense
down to 0.1 g/l of cadmium in milk. The device can be constructed from whole cells of
Bacillus badius with phenol red as an indicator co-immobilized onto circular plastic discs
with sol-gel approach and fiber optic transducer system. Urea is added to the plastic disc to
detect the inhibition of enzymatic reactions (Verma et al., 2010).
Other methodologies used in the detection of heavy metals are shown in Table 1.
Analyte

Type of
interaction

Recognition
biocatalyzer

Transduction
system

References

Fiber optic

Kumar &
D’Souza, 2010
Kumar et al., 2006
Chen et al., 2010

Pesticides
Methyl Parathion

Biocatalytic Sphingomonassp.
Flavobacteriumsp
Methyl parathion
hydrolase.

Amperometric.
(square wave
voltammetric).
Electrochemical

Acetyl
Cholinesterase
Organophosphorus
Biocatalytic Organophosphorus Amperometric
hydrolase
Triazophos
Biocatalytic Acetyl
Amperometric
Cholinesterase
Monocrothopos,
Biocatalytic Acetyl
Electrochemical
Malathion, Metasystox
Cholinesterase
and Lannate
Chlorpyrifos–
Biocatalytic Acethyl
Amperometric
Oxon,
Cholinesterase
Chlorfenvinphos,
Pirimiphos-methyl,
Malathion,Carbofuran,
Methomyl and
Carbendazim

Gong et al., 2009
Deo et al., 2005
Du et al., 2007;
Du et al, 2010
Dutta et al, 2008
Hildebrandt
et al., 2008
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Analyte

Type of
interaction

Acetylcholine

Transduction
system

References

Biocatalytic Choline oxidase
and Acethyl
Cholinesterase

Amperometric

Shimomura
et al., 2009

Nitrate

Biocatalytic Nitrate reductase

Potentiometric

Nitrite

Biocatalytic Nitrite reductase

Voltammetric
Amperometric

Sohail & Adeloju,
2008
Almeida et al., 2007
Silveira et al., 2010

Phosphate

Biocatalytic pyruvate oxidase

Amperometric

Rahman et al, 2006

Maltose
phosphorylase.

Conductometric

Zhang et al., 2008

pyruvate oxidase

Voltammetric and
Amperometric

Akar et al., 2010

Biocatalytic Urease

Amperometric
Potentiometric

Kuralay et al., 2006
Trivedi et al., 2009

Biocatalytic Invertase and
glucose oxidase
Biocatalytic Ureasa

ultramicroelectrode

Bagal-Kestwal
et al., 2008
Verma et al., 2010

Fertilizers

Urea

Recognition
biocatalyzer

Heavy metals
Hg, Ag, Pb and Cd
Cadmium, copper,
chrome, nickel, zinc
Lead

Lead

Mercury
Copper and mercury

bovine serum
albumin
Direct
Monoclonal
structureantibody
competitive
detection
mode
Envanescent wave
DNA-based
biosensor
Biocatalytic Glucose oxidase

Optical
piezoelectric
quartz crystal
impedance

Yin et al., 2007

Gold nanoparticlemodified optical
fiber

Lin & Chung, 2008

Fiber optic sensor

Long et al., 2011

Amperometric

Ghica & Brett, 2008;
Jian-Xiao et al., 2009

Table 1. Most important biosensors used in the detection of pesticides, fertilizers and other
pollutants.
2.4 Biosensors as indicators of product acceptability
Food quality involves nutritional and organoleptic characteristics important for consumers
such as freshness, appearance, taste and texture. The food sensory basis is essential for the
industry (Perez et al., 2007; Vadivambal & Jayas, 2007).
A method to determine food freshness is by assessing food composition of products such as
meats, fish, fruits and vegetables. During storage, compounds that provide aroma and
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abnormal flavors or may be harmful to consumer may be synthesized, indicating in most
cases microbial growth and insufficient food safety (Serna et al., 2009).
Food freshness is negatively affected by storage time, incorrect packaging design,
inadequate temperature and oxygen management during the handling of fruits and
vegetables in modified atmosphere storage conditions.
Ethanol and methanol have been used as indicators of food freshness and quality of alcoholic
beverages. Their determination is done by colorimetric, refractometric, chromatographic
and spectrophotometric methods. Some of these techniques require expensive equipments
and all require considerable time. These drawbacks can be overcome with the use of
biosensors.
Biosensors that use whole cells or enzymes have been used for the detection of alcohol
(Valach at al., 2009). Alcohol enzymatic biosensors described in the literature are mainly
based on alcohol dehydrogenase and alcohol oxidase, and less commonly on catalase.
Ethanol biosensors using alcohol oxidase as biorecognition element are the most abundant.
Alcohol oxidase is an oligomeric enzyme responsible for the oxidation of low molecular
weight primary alcohols, using molecular oxygen as the electron acceptor and producing
acetaldehyde and hydrogen peroxide. Due to the strong oxidizing character of oxygen, the
oxidation of alcohols by alcohol oxidase is irreversible. The reaction may be followed by
measuring either O2 decline or H2O2 increase using optical or electrochemical detections.
Smyth et al. (1999) used a biosensor with immobilized enzymes alcohol oxidase and alcohol
peroxidase and a chromogen, to detect injuries caused by low O2 in lettuce, cauliflower,
broccoli and cabbage lightly processed and packed in a modified atmosphere. By measuring
the ethanol accumulation in the free space, results obtained with this biosensor are similar to
those obtained using gas chromatography. This biosensor could also be used to monitor
ethanol during the storage of apples in a controlled atmosphere, the decay in potato tubers
(Castillo et al., 2003), or in any other application where ethanol accumulation can be
associated with quality loss. Similar research has been done to detect organic acids and
sugars as indicators of fruit and vegetables maturity (Cañas & Macias, 2004).
Hnaien et al. (2010) pioneered the construction of a conductimetric biosensor for the
detection of ethanol in foods. The biosensor uses the enzymes ethanol oxidase and catalase
co-immobilized on the surface of interdigitated thin-film electrodes. The transduction mode
has the following advantages: (a) thin-film electrodes are suitable for miniaturization and
large scale production using inexpensive technology, (b) it does not require any reference
electrode and the differential mode measurements allow cancellation of many interferences,
(c) it is not sensitive to light, (d) the driving voltage can be sufficiently low to significantly
reduce power consumption, and (e) large spectrum of compounds of different nature can be
determined on the basis of various reactions and mechanisms (Jaffrezic & Dzyadevych,
2008).
Similarly, Asav & Akyilmaz (2010) developed an amperometric biosensor for the
determination of glucose and ethanol. The biosensor is based on the co-immobilization of
alcohol oxidase and glucose oxidase on the same electrode by formation of self-assembled
monolayers on a gold disc electrode. Measurements are based on monitoring decrease in
current on reduction potential of tetrathiafulvalene (at 0.1V vs. Ag/AgCl) by using a cyclic
voltammetry method. Cyclic voltammograms were taken at a potential range between −0.1
and 0.4V vs. Ag/AgCl and correlations between decreases in biosensor responses and
glucose oxidase or alcohol oxidase activity were monitored.

56

Environmental Biosensors

Multiple compounds giving unpleasant flavors and aromas in foods can be potentially
detected by biosensors. This is the case of the 2,4,6-trichloroanisole, a compound (Varelas et
al., 2011) related to corks in wine bottles causing considerable losses to the wine industry.
Varelas et al. (2011) developed a rapid novel biosensor system based on a bioelectric
recognition assay. The sensor measured the electric response of cultured membraneengineered fibroblast cells suspended in an alginate gel matrix due to the change of their
membrane potential in the presence of the analyte.
Fish freshness has been identified by the quantification of total percent inosine and
hypoxanthine generated during fish postmortem changes (Hamada-Sato et al, 2005). Other
process indicator compounds can be detected through biosensors, such as lactulose, a
disaccharide formed during the thermal processing of milk that allows differentiating
between UHT vs. sterilized in container milks.
The amount of starch, glucose, lactose, lecithin, and ethanol present in food, are indicators of
quality and consumer acceptability. These compounds also serve as indicators of processing
steps completion in manufactured food products. Biosensors technology for substance
detection significantly reduces analysis time, and improves specificity, reliability and test
sensitivity. These properties allow for real time decision making during food processing. A
listing of biosensors used to evaluate food composition is presented by Serna et al. (2009).
Product quality standards are also determined by sensory analysis. During sensory
evaluation, a set of techniques to measure properties such appearance, smell, taste and
texture when chewing or eating food are used to determine human sensations. However,
standardization and accreditation methods for sensory quality analysis are still needed for
the certification of food products.
Using expert panels, Pérez et al. (2007) proposed a set of accredited methods for the sensory
evaluation of the “Idiazabal” cheese that could be generalized to any type of food and drink
as a reference for sensory accreditation. The use of biosensors instead of expert panels in
sensory analysis seems to be a good alternative. Electronic and bioelectronic tongues, which
could be known as taste sensors, are the advanced and emerging analytical technologies
simulating the taste detection modality of the human tongue by means of electrochemical
sensors or biosensor arrays.
Pioggia et al. (2007) characterized five compounds with different chemical characteristics
and determined taste perceptions, using an electrical impedance biosensor. Five sensors of
three different types based on carbon nanotubes or carbon black dispersed in polymeric
matrices and doped polythiophenes composed the array. Fifty different solutions eliciting
the five basic tastes (sodium chloride, citric acid, glucose, glutamic acid and sodium
dehydrocholate for salty, sour, sweet, umami and bitter, respectively) at 10 concentration
levels comprising the human perceptive range were analyzed. The impedentiometric
composite sensor array was shown to be sensitive, selective and stable for using it in an
electronic tongue.
Taste substances are getting through the biological membrane of gustatory cells in the taste
buds of tongue. Taste is perceived when the information on taste substances is transduced
into an electrical signal, which is transmitted along the nerve fiber to the brain. Electronic
and probably bioelectronic tongues are known as two promising tools for the taste
assessment of the foodstuffs. In a review article, Ghasemi-Varnamkhasti et al. (2011)
concluded that bioelectronic tongues would be a useful tool for process control and
although, application of electronic tongue has been reported for alcoholic beers, up to now,
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no research has been published on the flavor evaluation of non alcoholic beer by means of
bioelectronics tongue.

3. Potential use of biosensors in hazard analysis and critical control points
(HACCP)
A quality management system should include quality control, quality assurance and a
continuous improvement system. In quality management of agri-food processes, hazard
analysis and critical control points (HACCP) is considered as the most effective system to
ensure food safety. HACCP can also be used as a food quality control system (Ropkins &
Beck, 2000).
Well implemented HACCP systems can be used to improve processing efficiency and the
quality of food products in order to meet the client needs, and even as defense arguments in
litigations. Although HACCP systems are great tools, microbiological contamination of
products from biological origin will continue to be the greatest threat in food production. As
mentioned before, bacteria counts can be detected by microbial cultures, which are very
effective, but require expensive and time consuming techniques to yield reliable results.
Many other methods have been proposed for the rapid detection, isolation, identification
and enumeration of bacteria, including among others, impedimetric detection, automated
cells counting, and immunoassays.
Biosensors have been adapted to detect or quantify analytes in systems in-line (Rasooly,
2001). The HACCP system can be used to verify that a given process is under control, since
high biosensor sensitivity allows the detection of pathogenic microorganisms, pesticides,
herbicides and other contaminants in hours or minutes (Luo et al., 2009; Mostafa, 2010).
In a HACCP system setup, the ATP bioluminescence method is very suitable for monitoring
bacteria in-line, since it does not need prior bacteria growth. The ATP bioluminescence
assay is based on the detection of ATP present in living organisms through the luciferinluciferase enzymatic system.
Luo et al. (2009) developed a low-cost biosensor to detect bacterial counts, with easy
operation and rapid response, based on adenosine 50-triphosphate (ATP). The biosensor is
composed of a key sensitive element and a photomultiplier tube as a detector element. The
disposable sensitive element consists of a sampler, a cartridge where intracellular ATP is
chemically extracted from bacteria, and a microtube where the extracted ATP reacts with the
luciferin–luciferase reagent to produce bioluminescence. The bioluminescence signal is
transformed into relevant electrical signal by the detector and further measured with a
homemade luminometer.
In HACCP systems implemented for fisheries, histamine can be used as a quality indicator
for the evaluation of fresh fish. Hamada-Sato et al. (2005) considered that raw fish freshness
could be estimated by the “K” freshness value. The K value is the total percent of inosine
and hypoxanthine to that of ATP-related compounds, and it has shown a good relationship
with fish muscle changes. Postmortem adenine phosphate nucleotides (ATP, ADP, and
AMP) contents decline rapidly and inosine monophosphate (IMP) contents increase sharply
at 0ºC within about 24 h after death. Furthermore, inosine and hypoxanthine contents
increase when IMP contents decline. Hamada-Sato et al. (2005) simplified the K value to KI
since it represents “the ratio (%) of total amount of inosine and hypoxanthine to that of IMP,
inosine and hypoxantine”.
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A biosensor to determine the KI value has already been developed and it is commercially
available (Tokaseiki Ltd.). The biosensor consists of two enzyme reactors, two oxygen
electrodes, a peristaltic pump, an A/D converter, a microcomputer and a data logger.
Inosine in fish muscle is converted into hypoxanthine by nucleoside phosphorylase in
enzyme reactor A, followed by the oxidation of hypoxanthine by xanthine oxidase (XOD) in
the same reactor. The total amount of inosine and hypoxanthine was determined from the
output of the electrode corresponding to the amount of oxygen consumed by hypoxanthine
oxidation. IMP is converted into inosine by nucleotidase (NT) in enzyme reactor B, followed
by the same reaction in enzyme reactor A.
The total amount of IMP, inosine and hypoxanthine was determined from the output of the
electrode corresponding to the amount of oxygen consumed by hypoxanthine oxidation.
Fifty microliters of the sample solution were injected through the injection port, and after
about 3 min, the obtained results were displayed on the screen (Okuma et al., 1992).
Similarly, the concentration of amino acids (e.g., lysine) obtained by fermentation and used
as supplements in animal feed have been controlled with the enzyme lysine oxidase.
Amperometric biosensors have been used to measure lactic acid used to control the acidity
and crust formation in cheese, assessed using the enzyme lactate oxidase. These biosensors
can be integrated into a HACCP system to monitor process acceptability.

4. Conclusions
The use of biosensors technology for food safety will facilitate complying with international
quality and safety standards, allowing for the efficient, safe and reliable detection and
quantification of pathogenic microorganisms involved in food borne illnesses and inorganic
contaminants that threaten consumer health. However, the detection of small concentrations
of chemical and biological polluting substances in products for human and animal
consumption is still needed.
The selectivity, specificity, and rapid response depend on the biosensor’s reception and
transduction systems, since they are based on recording reactions that generate physical,
chemical and/or immunological changes. This form of reading that allows for a rapid
response is ideal in the agri-food process control.
Although biosensors technology is approximately 50 years old, there are several fields that
are still under study. A continue search for new recognition elements which comply with
minimum wear characteristics and are absent of inhibitory substances that block analyte
detection must be done. In the same way, receptors with greater stability for the analyte are
also needed.
The detection of pathogenic microorganisms with the use of biosensors shows advantages
when compared to traditional methods. In addition to easy handling, biosensors provide
timely detection and on line process control. The complex metabolism of pathogenic
bacteria and the defense reactions produced by the guest organisms are also used to build
biosensors. Furthermore, antigen-antibody interactions are efficient and selective, and the
detection speed will depend on the sensitivity of the transduction system and on the method
used for signal amplification.
Pesticides, fertilizers, and heavy metals can be quickly detected in small quantities with
biosensors, facilitating in situ implementation in pre- and post-harvest processes.
Transduction, electrochemical and optical methods provide better detection sensitivity in
these cases.
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In the agri-food industry, biosensors have been useful to assess the freshness of raw
materials such as meat, fish, fruits and vegetables. In these cases, biosensors detect
compounds that provide abnormal flavors and aromas, indicating microbial growth and
food safety problems. However, although biosensors developed in recent years are efficient
and some of them successfully used in the industry, their use is limited by the need for
receiver renovation and calibration and the adequate control of system variables.
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1. Introduction
Organophosphorus compounds are a wide-spread group of agents which can be used
among others as pesticides, especially insecticides, or chemical warfare agents. These
extremely toxic compounds irreversibly inhibit the enzymes of hydrolases class, which have
the catalytic capability of hydrolyzing their specific neurotransmitters in synaptic clefts of
the nervous system. The organophosphorus pesticides and carbamates are agents used in
agriculture very often, because of their relatively low stability. Many of them, however,
have very high acute toxicity for warm-blooded animals.
The group of organophosphorus compounds also includes nerve agents with their
dominant position among chemical warfare agents. The discovery of their effects was made
more or less accidentally in the 30-ies of the last century during the research of fluoroorganic
compounds in IG Farben, a German company, by Dr. Gerhard Schrader. The first
synthesized agent was ethyl-(dimethylamido)phosphorocyanidate, designated as trilon 83
or tabun. However, it was not the first known agent with a cholinergic effect. Back in 1854 a
French chemist, Phillip de Clermont, synthesized the first organophosphate – tetraethyl
pyrophosphate (de Clermont, 1855, as cited in Holmstedt, 2000). Gradually more agents
with N-P, P-CN or C-F bonds were synthesized in order to produce insecticides and later
also nerve agents (Holmstedt, 2000). After verifying the effects of tabun for warm-blooded
animals, a synthesis of other, even more toxic, agents followed (Pitschmann, 1999). In 1939
isopropyl-methylphosphonofluoridate was discovered, also called trilon 46 or sarin, and in
1944 (3,3-dimethylbutane-2-yl)-methylphosphonofluoridate, the so-called soman, followed.
These agents belong to the so-called G-series of nerve agents. The origin of a new V-series
dates back to the end of 50-ies. This group of agents has increased toxicity when penetrating
the skin. The principal representative is S-[2-(diisopropylamino)ethyl]-O-ethylmethylphosphonothioate, also known as VX, and S-[2-(diethylamino)ethyl]-O-isobutylmethylphosphonothioate with the code designation R-33. In the 70-ies up to 90-ies another
group of nerve agents was discovered in the former USSR within the so-called Foliant
program. These are compounds based on phosphorylated and phosphonylated oximes and
amidases. According to unauthorized sources they reach at least the toxicity of VX, some are
even 5 to 8 times more toxic. In a case like this there could be a problem with their detection.
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The limit of detection of the most of current technical means is, with the exception of means
based on biochemical cholinesterase reaction, unsatisfactory.
The inhibition of enzyme efficacy happens even at very low concentrations of nerve agents
or pesticides. Even trace amounts of these agents can represent a considerable hazard to
health for living organisms. Detection through the biochemical method is characterized by
high sensitivity and enables setting of about 1.10-5 – 1.10-7 mg.ml-1 in the solution or 1 l of air
depending on the type of inhibitor. This sensitivity is up to five times higher compared to
methods based on chemical or physical principle (Halámek et al., 2009). For this reason a
number of biosensors, which provide a suitable alternative to classical analytical methods,
has been developed based on the biochemical reaction. It is an analytical device which
consists of a biologically active material such as an enzyme, an antibody or a binding
protein and a converter which converts the biochemical reaction to an output signal which
can be quantified. These converters can be based on amperometric, potentiometric,
chemiluminescent, piezoelectric or optical principles and on a semiconductor or an ionselective effect of transistor techniques. Their development has been important especially in
the last two decades. They meet the demands for a quick and cheap analysis with high
sensitivity (Kenar, 2010; Rekha et al., 2000).
This chapter deals with a general overview and characteristics of methods for detection and
identification of nerve agents and pesticides based on the cholinesterase reaction and its
modifications. It shows some practical applications of biosensors and indicates some new
trends in the field leading to increasing the selectivity for identification of individual nerve
agents.

2. Cholinesterases
The hydrolases, which are used for the construction of biosensors, are basically two,
acetylcholinesterase (AChE, EC 3.1.1.7), also called a genuine or specific cholinesterase, and
butyrylcholinesterase (BuChE, EC 3.1.1.8), the so-called false or also nonspecific
cholinesterase. The task of ACHE is the hydrolysis of a specific neurotransmitter
acetylcholine (ACh) in a neurosynaptic cleft and thus the termination of irritating
cholinergic receptors or a neuromuscular junction. The physiological importance of BuCHE
in a body is not, compared to AChE, so essential. Its physiological function has not been
exactly identified yet (Masson et al., 2009). However, it has been found out that it plays
some role in metabolism of local anaesthetics, novocaine and cocaine (Carmona et al., 2000).
Its specific substrate is butyrylcholine (BuCh). Besides natural substrates also a synthetic
substrate, e.g. 4-aminophenyl acetate, can be used for both enzymes. Both enzymes basically
have a similar three-dimensional structure but there is a difference in their substrate
specificity and sensitivity to inhibitors (Hanin & Dudas, 2001). Hydrolytic reactions
catalyzed by cholinesterases proceed in a narrow space of the active center where the socalled esteratic and anionic site can be found. The esteratic site is made up of the so-called
catalytic triad a part of which is the serine residuum which reacts with the substrate but also
with organophosphates. The presence of substrate in the active center of AChE stabilizes the
configuration of the catalytic triad. The size of the substrate molecule and its positive charge
at the nitrogen atom influence the size of the bond to anionic site. It has been experimentally
found out that this bond is reduced by relocating the positive charge (Kua et al., 2002). The
decomposition of a neurotransmitter results in ACh bond to the active site of AChE enzyme
which is placed in the hole of the active center, about 20 Ǻ deep (Sussman et al., 1991). The
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tertiary nitrogen in ACh molecule is bonded to the anionic site represented by a glutamate
ion. The oxygen from the acyl part of the substrate molecule is bonded in the oxy anion hole.
Thereby the ACh molecule is anchored in the active center. The hydroxyl serine group,
which binds the acetyl part of ACh, participates in splitting of ester. Then the substrate is
split up into acetyl and choline. The effect of hydrolysis by means of a water molecule,
present in the cleft of the active center, causes spontaneous reconstruction of enzyme
activity. An acylating group, which can be active within another choline acetylation, splits
off from the enzyme molecule (Somani et al., 1992). The mechanism of acetylcholine
hydrolysis catalyzed by the acetylcholinesterase enzyme is shown in the reaction scheme 1.
+

+

AChE
CH 3C(O)OCH2 CH2 N(CH3 )3 + H2 O ⎯⎯⎯→
CH3 COOH + HOCH2 CH2 N(CH3 )3

Reaction scheme 1. Mechanism of acetylcholine hydrolysis catalyzed by the acetylcholinesterase enzyme.
Nerve agents, even at very low concentrations, inhibit their hydrolytic capacity through a
bond in this active center. The inhibition takes place in several steps, as shown in the
reaction scheme 2. In the first one the inhibitor is bonded to a hydroxyl serine group in the
esteratic center of AChE. Thus the reversible enzyme-inhibitor complex arises. Further serin
is covalently phosphorylated. An electronegative leaving group is released from the
molecule of organophosphorus toxic agent. This bond is still reversible. A competing
process is the ageing of AChE, the phosphorylated AChE switches to its dealkylated form. It
is a process where the alcohol is split off by means of water and the alkoxyl group bonded to
phosphor is replaced by the hydroxyl group. This state is irreversible. The result of enzyme
inactivation is accumulation of acetylcholine in the nerve ending and development of toxic
exposures demonstrated in the form of nicotine, muscarinic and central effects (Watson et
al., 2009).
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Reaction scheme 2. Mechanism of inhibition of the acetylcholinesterase enzyme.
The enzyme inhibition will prove itself in reducing its activity depending on the degree of
inactivation. This reduction can be measured objectively and it is a significant factor for the
construction of biosensors. The basis for measuring the enzyme activity is the reaction with
a suitable substrate. AChE catalyzes the hydrolysis of acetylcholine substrate, or its sulfur
isoester – acetylthiocholine; BuChE hydrolyzes then the catalysis of butyrylcholine or
butyrylthiocholine. Subsequently you can observe the decrease in substrate, the increase in
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products or an unreacted substrate. Quite usual is the observation of concentration of
hydrolysis products, i.e. an appropriate acid or choline. We shall not forget pH-metric
methods based on the measurement of concentration of an arising acid in combination with
acid-base indicators and buffers or finished with alkalimetric titration or also with
determination of CO2 (Tomeček & Matoušek, 1961). The methods of manometric,
fluorometric, colorimetric and spectrophotometric evaluation or electrochemical methods
such as potentiometry, amperometry, coulometry or voltammetric indication are also worth
mentioning. Some benefits can be seen in using the so-called chromogenous substrates
which brought modification and expansion of possibilities of the cholinesterase method.
Those are used for example with photometric methods; we observe changes in coloring
caused by the reaction of hydrolysis products with chromogenous reagents.
The advantage of enzymatic methods for identification of organophosphorus compounds is
their high sensitivity and specificity. The demands on making an analysis are, compared to
common analytical methods, lower as well as their cost. For these reasons they are applied
more and more often, e.g. when checking the environment contamination.
The detection of nerve agents and pesticides based on organophosphates can be done not
only on the basis of choline esterases but there is also a new trend, a non-inhibitory method
based on organophosphate hydrolase (OPH, EC 3.1.8.1) or organophosphorus acid
anhydrolase (OPAA, EC 3.1.8.2). OPH hydrolyses compounds with P-O, P-F, P-S and P-CN
bonds. There were tests of some pesticides, such as paraoxon and parathion, and nerve
agents, e.g. sarin or VX (Donarski et al., 1989; as cited in Wang et al., 1999; Joshi et al., 2006).
So the organophosphorus compounds act for OPH as a substrate. These types of biosensors
offer, same as the cholinesterase ones, using optical, fluorescent, potentiometric or
amperometric converters (Karnati et al., 2007; Mulchandani, et al. 1999a, 1999b; Rogers et al.,
1999; Wang et al., 2003). Also a field version for in-situ monitoring has been developed
(Wang et al., 1999; Mulchandani et al., 2001). The OPAA enzyme selectively hydrolyses
organophosphorus compounds containing the P-F bond; for compounds with other
common bonds occurring in nerve agents and pesticides the substrate activity is low. A
biosensor with this enzyme was successfully tested for example for diisopropylfluorophosphate. Besides measuring of pH changes using a glass electrode, pH-sensitive
field effect transistor (pH-FET), also an ion-selective electrode for fluoride ions can be used
(Simonian et al., 2001).

3. Cholinesterase biosensors
The inhibitory reactions can proceed in the solution; a disadvantage, however, is the limited
use of enzyme and thus also the increase of cost or enzyme immobilization onto a suitable
material and connection with an appropriate converter. The first biosensor based on the
cholinesterase inhibition through organophosphorus compounds was constructed by G.
Guibault back in 1962 (Guibault et al., 1962; as cited in Arduini et al., 2010). Since that time
many biosensors have been developed for identification of nerve agents and pesticides.
Cholinesterase biosensors may be classified according to a converter they use. Most often
electrochemical converters are used, further piezoelectric and optical converters and surface
plasmon resonance (SPR) (Arduini et al., 2010; Lin et al., 2006). This chapter deals
particularly with electrochemical and optical methods.
A common disadvantage of cholinesterase biosensors is the irreversible character of
inhibition in the course of analysis. In many cases it is impossible to recover a biosensor like
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that and to use it once again. This limits the life of biosensor to 10 – 15 identifications. It is
necessary to recover the enzyme continuously, which can cause considerable difficulties,
especially in field conditions. Some procedures have been developed, for example using
nucleophilic reagents, the so-called cholinesterases reactivators (Dăneţ et al., 2003; Gulla et
al., 2002; Gyurcsányi, et al., 1999; Tušarová et al., 1999) or surface regeneration using selfassemble layers with a piezoelectric biosensor (Makower et al., 2003).
3.1 Electrochemical biosensors
Electrochemical methods are based on a potentiometric, amperometric or conductometric
method of measurement. Most often amperometric and potentiometric devices are used.
Electrochemical biosensors make use of mono- and multienzymatic systems. The
monoenzymatic systems use the above-mentioned AChE or BuChE hydrolases, the
bienzymatic ones use then the cholinesterase-choline oxidase (ChE-ChO) system (Rekha et
al., 2000), the trienzymatic ones use cholinesterase, cholinoxidase and peroxidase (POD)
(Ghindilis et al., 1996).
3.1.1 Amperometric biosensors
Amperometric biosensors are the most widely used type of electrochemical sensors and a
good substitution for the potentiometric ones. They provide a linear output signal
depending on the concentration of analyte. There are several ways how to evaluate the
enzyme activity by means of amperometric methods. The first one includes the bienzymatic
cholinesterase-cholinoxidase (ChE-ChO) system with an oxygen or peroxide amperometric
converter (Campanella, 2007). The choline from the hydrolytic enzyme catalysis is not
electrochemically active; that is why cholinoxidase is used by means of which the choline
oxidizes to betaine while developing the hydrogen peroxide, as shown in the reaction
scheme 3. This results in detection of the occurrence of hydrogen peroxide or oxygen
consumption.
+

+

ChO
(CH 3 )3 N CH 2 CH 2 OH + O 2 + H2 O ⎯⎯⎯
→ (CH 3 )3 N CH 2 CH 2 COOH + 2H 2 O 2

Reaction scheme 3. Reaction mechanism of the bienzymatic amperometric ChE-ChO system.
The second way includes the modification using ACh sulfur isoester, acetylthiocholine,
which is electrochemically active (Pohanka, 2009). With applied voltage in the reaction
mixture the resulting thiocholine undergoes an oxidation-reduction reaction according to
the reaction mechanism in scheme 4. These systems were tested not only for pesticides and
nerve agents but also for toxins with a cholinergic effect (Kandimalla & Ju, 2006; Pohanka et.
al., 2008). Also a bienzymatic amperometric biosensor based on BuChE and sulfhydryl
oxidase (SOX) has been developed even if it has not been tested for organophosphorus
esterases inhibitors so far. Butyrylthiocholine catalytically hydrolyzes while developing the
thiocholine which acts as a SOX substrate in the subsequent oxidation (see the reaction
scheme 5). The measurement was made through the subsequent detection of oxygen
consumption which is proportional to BuTCh concentration. SOX catalyzes the formation of
disulfide bridges between sulfhydryl groups (Teksoy, 2007).
+

+

AChE
CH 3C(O)SCH 2 CH 2 N(CH3 )3 + H 2 O ⎯⎯⎯→
CH 3COOH + HSCH 2 CH 2 N H(CH 3 )3
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+

+

+

+410mV
2HSCH 2 CH 2 N(CH 3 )3 ⎯⎯⎯⎯
→ (CH 3 )3 N CH 2 CH 3 S S CH 2 CH 2 N(CH3 )3 + 2H+ + 2e −

Reaction scheme 4. Reaction mechanism of the enzyme acetylthiocholine hydrolysis and
subsequent oxidation through applied voltage.
+

+

BuChE
CH 3 (CH 2 )2 C(O)SCH 2 CH 2 N(CH 3 )3 + H 2 O ⎯⎯⎯⎯
→ CH 3 (CH 2 )2 COOH + HSCH 2 CH 2 N(CH 3 )3
SOX

+

+

+

2(CH3 )3 N CH2 CH2 SH + O 2 ⎯⎯
→ (CH3 )3 N CH2 CH3 S S CH2 CH2 N(CH 3 )3 + H2 O 2
Reaction scheme 5. Reaction mechanism of the bienzymatic ChE-SOX system.
Besides natural substrates it is possible to use also the synthetic 4-aminophenyl acetate. The
enzyme-catalyzed hydrolysis gives rise to an electroactive 4-aminophenol which is oxidized
on the electrode surface (see the reaction scheme 6) (La Rosa et al., 1994). The advantage lies
in simplicity of using the system with this substrate and a low applied potential.
H2N

O

C

CH3

H2 O

AChE

H2N

OH

CH3COOH

O

Reaction scheme 6. Reaction mechanism of the enzyme 4-aminophenyl acetate hydrolysis.
As for cholinesterases in amperometric measurements the above-mentioned AChE or
BuChE are used; they hydrolyze the substrate to an appropriate choline (acetyl or
butyrylcholine), in case of 4-aminophenyl acetate it is 4-aminophenol and an acid (acetic or
butyric). These reactions, however, are complicated by occurrence of byproducts deposited
on the electrode or by a spontaneous substrate hydrolysis itself. Limiting is also the
necessity of using high working voltage which limits the use of biosensors for samples with
electroactive molecules. In case of cholinesterase biosensors it is possible to lower the
voltage and interferences of electroactive sample components by means of redox
transmitters such as ferophtalocyanine, cobalt phtalocyanine, Prussian blue
(ferrihexacyanofferate), 7,7,8,8-tetracyanoquinodimethane (TCNQ) in combination with
carbon electrodes, screen electrodes or using the carbon nanotube (CNT) (Arduini et al.,
2007; Ciucu et. al., 2003; Hart et al., 1997; Hernandez et al., 2000; Lin et al., 2004; Ricci et al.,
2003; Ivanov et al., 2003a; Nunes et al., 2004; Shulga & Kirchhoff, 2007; Skládal, 1992; Skládal
& Mascini, 1992; Sun & Wang, 2010; Suprun et al., 2005; Wring et al., 1989) or
electrochemical decomposition of the arising peroxide using a gold or platinum
amperometric electrode (Yao, 1983).
CNTs are commonly used for electrochemical biosensors. They occur in two forms – singlewalled (SWCNT) and multi-walled (MWCNT). They are characterized by excellent chemical
stability, good structural and mechanical properties and electrical conductivity. And these
are exactly the qualities which make them an ideal means for construction of biosensors.
They provide an improved electrochemical detection of enzymatic-developed thiocholine
not only thanks to the reduction of over-voltage but also thanks to higher sensitivity and
stability (Liu & Lin, 2006; Zhang & Gorski, 2005; as cited in Du et al., 2007). However, they
are insoluble in most of the organic solvents and water solutions. Nevertheless, CNT
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biosensors for detection of pesticides with an immobilized enzyme have been developed,
e.g. MWCNT with chitosan matrix (Du et al, 2007) or a glass carbon electrode (GCE)
modified by MWCNT with chitosan matrix with immobilized AChE (Sun et al., 2010) or a
glass electrode modified by CNT for detection of pesticides and nerve agents (Liu et al.,
2005).
The principle of thiocholine substrate splitting is used for example by a biosensor with
platinum electrode with immobilized AChE and Ag/AgCl reference electrode in the midst
of which a potential of +410 mV is applied (Martorell et al., 1994), at Pt anode with a
potential of +410 mV vs. Ag/AgCl (Marty et al., 1993) or Ti-Au-Pt electrode with +700 mV
versus a saturated calomel electrode, etc. Thiocholine is oxidized at the anode. The platinum
electrode is not suitable for detection of sulfhydryl compounds because of the necessity of
using too high over-voltage. For this reason the aforementioned carbon electrodes are used,
chemically modified by cobalt phtalocyanine or other modifiers, which leads to reduction of
the applied potential and lowering of interferences caused by electrochemical impurities
(Halbert & Baldwin, 1985; Ciucu & Baldwin, 1992; as all cited in Ciucu et al., 2003; Skládal,
1992). An ideal tool for monoenzymatic systems based on the acetylthiocholine hydrolysis is
also the detection using screen electrodes, for example in connection with cobalt
phtalocyanine which transmits the oxidation of thiocholine (Bucur et al., 2005).
Another application makes use of a working electrode with graphite compound and
Ag/AgCl reference electrode and applied voltage of +700 mV (Turdean, 2002). The
amperometric biosensor for detection of methyl paraoxon, carbofuran and phoxim has been
developed based on the modified platinum electrode with immobilized AChE at gold
nanoparticles and a silk fibroin.
The hydrogen peroxide can be detected via amperometry at +650 mV versus the reference
Ag/AgCl electrode (Andreescu & Marty, 2006). An approach of a ceramic microelectrode
with cholinoxidase for measurement of changes to the extracellular choline with a detection
limit of 300 nM and an ability to measure sudden ACh changes in brain and its hydrolysis to
choline has been developed (Burmeister et al., 2003; Parikh et al., 2004; Parik et al., 2006; as
all cited in Philips, 2005). For detection of organophosphorus pesticides a biosensor has been
constructed, containing BuChE and CHO layered onto a nylon membrane of a hydrogen
peroxide electrode (Campanella et al., 1992). Another system is based on detection of
oxygen consumption in this reaction using Clark’s electrode (Mizutani & Tsuda, 1982). After
enzyme inhibition there is reduction in the production of hydrolytic products and thus also
cutting of oxygen consumption which is proportional to the enzyme activity. The
disadvantage of this system is the required incubation period and enzyme consumption for
every other identification.
An amperometric biosensor, which uses the AChE enzyme and 4-aminophenyl acetate as a
substrate, has been described. AChE is immobilized onto a glass carbon electrode (La Rosa
et al., 1994; Pariente et al., 1993) or a screen electrode (Andreescu et al., 2002a). The
enzymatic-hydrolyzed 4-aminophenol can be detected also via voltametry. The
disadvantage of screen electrodes is their low stability in organic solvents because of partial
solubility of the printed layer.
In the paper (Mitchell, 2004) a multienzyme biosensor for amperometric detection of ACh
and choline (Ch) in vivo is described. This biosensor makes use of AChE, ChO and ascorbic
acid oxidase (AAO) immobilized onto a platinum-iridium wire with an electropolymer layer
Poly(m-(1,3)-phenylenediamine).
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For detection of organophosphorus pesticides and carbamates in water and food a portable
amperometric biosensor has been assembled, consisting of a screen electrode with 10 mU of
immobilized AChE connected with potentiostat and a portable computer. It enables
detection even in a pepper extract (Hildebrandt et al., 2008). Pesticides present in water
samples were successfully detected for example by ChE-ChO biosensor through a peroxide
electrode (Bernabei et al., 1993) or in real samples in some organic solvents which can
influence the enzyme activity (Palchetti et al., 1997). The sensor for detection of
organophosphorus pesticides in river, sea and waste water, based on immobilized ChO and
esterase in the solution, uses the Pt anode vs. Ag/AgCl cathode with +650 mV (Palleschi et
al., 1992).
The development of a new technology for immobilization based on a silicate sol-gel matrix
enabled creation of very stable AChE biosensors with nanoparticles. For example an AChE
amperometric biosensor with gold nanoparticles (AuNP) in sol-gel matrix with a threeelectrode detection system has been developed, including the Pt wire as an auxiliary
electrode, a saturated calomel reference electrode and a modified glass carbon working
electrode with AChE, an ATCh substrate. The flow of arising products after the catalytic
hydrolysis and substrate oxidation is detected (Du et al., 2008). Further use of the sol-gel
technology based on an alternative non-silica material is offered by the AChE biosensor
with ZnO matrix and SPE electrodes (Sinha et al., 2010).
Most of the amperometric biosensors are tested for detection of pesticides, less of them for
nerve agents. For detection of nerve agents for example a portable biosensor, which is a part
of soldier’s individual equipment, has been developed (Arduini et al., 2007).
Generally it can be said that the improvement of amperometric biosensors is based on two
approaches, i.e. enhancement of the catalytic capacity and transfer of electrons through
various modifications of working electrodes and at a lower potential. There is also a
description of multisensors for current detection and identification of mixtures of
cholinesterase insecticides based on various options of one enzyme (Bachmann & Schmidt,
1999; Bachmann et al., 2000), various enzymes (Danzer & Schwedt, 1996; Istamboulie et al.,
2009; Kok & Hasirci, 2004) using Artificial Neural Networks (ANN).
3.1.2 Potentiometric biosensors
As it has been already mentioned, an appropriate organic acid arises in the course of
hydrolysis, which is the basis for potentiometric measurements. The simplest one is based
on detecting the acid increment by means of a pH-metric device with continuous recording.
This configuration, however, is not that suitable for the use in field conditions (Miao et al.,
2010).
Potentiometric detectors were also constructed for both hydrolases substrates, Ach and
BuCh. For this reason they require different substrate sensors – acetylcholine or
butyrylcholine selective electrodes which are based on measurement of the redox potential,
either with transmitters or without them. Most often, however, we use pH sensors based on
detection of pH changes, caused by system acidification after hydrolysis (Zhang et al., 2009).
Glass pH electrodes are the basis for potentiometric measurements but they are expensive,
fragile and unfit for miniaturization and require conditiation before using. A substitution
may be electrodes based on metal, metal/metal oxide or metal oxide – Au, Pd/PdO, Ir/IrO2,
RuO2 (Gyurcsányi, et al., 1999; Koncki & Mascini, 1997; Reybier et al., 2002; Tran-Minh et al.,
1990). Furthermore, we use pH ISFET electrodes (Ion-sensitive field effect transistors) which
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represent a sensitive, cheap, available and simple monitoring device suitable for
miniaturization (Dzyadevych et al., 2004; Dzyadevych et al., 2006), a light addressable
potentiometric sensor (LAPS) and electrodes modified by polymers (Snejdarkova et al. 2004;
Ivanov et al., 2003b).
Most biosensors based on the pH detection are handicapped thanks to an extended signal
response and lower substrate sensitivity. The response extension is given by the necessity of
perfusing the reaction layer or by membrane strength and permeability. The basic limit of
sensitivity of potentiometric electrodes is given by sensitivity of the pH converter. This jump
in potential versus pH does not mostly exceed 59 mV per pH unit. The ISFET sensitivity is
44-54 mV/pH (Cara et al., 1985; as cited in Karyakin et al., 1996). The disadvantages can be
partially eliminated by various modifications of electrodes. For this purpose for example a
potentiometric acetylcholinesterase biosensor with an antimony pH electrode has been
assembled, having – contrary to the glass ones – an easily recoverable surface for
immobilization, low electrical stability and variability of shapes and sizes. For the electrode
an immobilization technique of covalent cross-linking with glutaraldehyde vapors in the
vacuum was used (Gyurcsányi, et al., 1999).
Potentiometric measurements make use of the above-mentioned ion-selective electrodes
(ISE) which serve as a polymer matrix for transmission of reagent substances but also as a
converter for this type of electrochemical biosensors. In the paper (Ding & Qin, 2009) there is
a presentation of a detection system where the butyrylcholine substrate is released through
ISE membrane and thus the activity of BuChE enzyme or its application for detection of the
presence of organophosphorus pesticides in the sample is detected. Constantly releasing the
substrate under the zero-current conditions from an external solution to a sample solution
provides a measurable signal in situ. Detecting the enzyme activity is then a consequence of
disturbing the ion flux induced by membrane potential after the enzyme catalysis.
As far as potentiometric substrate sensors for detection of pesticides are concerned, for
example a butyrylcholine sensor, placed on a plasticized polyvinyl chloride membrane by a
cationic ion exchanger tetrakis (3,5-bis[2-methoxy-hexafluoro-methyl]phenyl) borate, has
been described. The advantage is high hydrophobicity of the ion exchanger used. Compared
to other biosensors there has been an improvement of potential stability, life cycle and
detection limit (Imato & Ishibashi, 1995). A biosensor of flow injection type for identification
of pesticides is described in the paper (Lee et al., 2002). It consists of AChE immobilized
onto controlled porous glass and of a detector with tubular H+ of a selective membrane
electrode. The organophosphate is oxidized, which leads to increasing the sensitivity of
cholinesterase biosensors. Oxidized forms show a higher inhibitory activity.
The potentiometric system without transmitters uses the peroxidase enzyme. The
peroxidase (POD) catalyzes the reaction of the arising peroxide through electro-reduction by
a mechanism of direct electron transfer from an electrode to a substrate molecule through
the active enzyme site (Ghindilis et al., 1996; Ghindilis et al., 1997). This principle was used
to test the screen enzyme electrode for detection of organophosphorus pesticides. ChE along
with CHO and POD are co-immobilized on the electrode surface. The enzyme activity is
specified based on individual enzymatic reactions, i.e. butyrylcholine hydrolysis to choline,
choline oxidation and peroxide formation, and peroxide electro-reduction by means of POD
according to the reaction scheme 7 (Espinosa et al., 1999).
Even the potentiometric biosensors can be used to monitor waste substances in the living
environment, for example in waste waters (Espinosa et al., 1999; Evtugyn et al., 1997).
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ChO
choline + O 2 ⎯⎯⎯
→ betaine + H 2 O 2
POD
H2 O 2 + 2e - + 2H+ ⎯⎯⎯
→ + 2H 2 O

Reaction scheme 7. Reaction mechanism of the POD detector.
Over fifty years there has been a research conducted in the field of reactivation of inhibited
cholinesterases in vitro and in vivo. For this purpose the so-called reactivators are
practically used – strong nucleophilic reagents which recover the function of an inhibited
enzyme. The compounds based on mono- and bispyridinium aldoximes or ketoximes
proved to be efficient. Based on this also the potentiometric sensor was built up. It works on
a principle of the reaction of ketoxime and organophosphorus chemical warfare agent under
the development of phosphorylated ketoxime and separation of the leaving group (here CN). The cyanide ion is detected by a silver electrode (Moll et al., 1976; as cited in Oh & Masel,
2007). Later on this system was reevaluated and optimized not only for organophosphates
containing a cyanide group in their structure but also for their simulators using the cyanide
ion-selective electrode (Oh & Masel, 2007).
When comparing amperometric and potentiometric sensors, the amperometric ones are
rated as quicker and more sensitive. The potentiometric ones, however, are simpler and
more suitable for a field analysis.
3.1.3 Conductometric biosensors
The conductometric measurement is based on measuring the conductivity changes which
are directly proportional to the occurrence of ions in the measured solution (Dzyadevych et
al., 2005). The conductometric biosensors have a big advantage because they do not require
the reference electrode and the converter provides the possibility of miniaturization (Miao et
al., 2010).
It is impossible to analyze various mixtures of analytes in real samples using just one
biosensor type. This problem led to construction of the so-called multibiosensor. For this
purpose two converters were linked – the potentiometric one with a pH-sensitive transistor
and the conductometric one with thin-films interdigitated electrodes, and three enzymes –
urease, AChE and BuChE. This group enables simultaneous identification of some heavy
metals and pesticides. Working parameters and experimental conditions are similar as in the
case of individual sensors. The result of hydrolytic reactions is the urease consumption or
proton production (with AChE and BuChE), which causes the increase in pH and changes to
conductivity at membranes with a subsequent possibility of potentiometric or
conductometric way of detection. This system represents a simple way of measurement and
it is applicable for the control of drinking water (Arkhypova et al., 2001).
3.2 Optical biosensors
3.2.1 Colorimetric and spectrophotometric biosensors
Probably the first colorimetric method is Hestrin’s quantitative method for identification of
an unreacted ACh and esters similar to it. The identification is based on reaction of ACh
with hydroxylamine in the alkaline environment in the presence of ferric chloride when the
hydroxylamine reacts with ACh while producing the acetylhydroxamic acid and developing
the brown-purple complex of ACh-acetylhydroxamic product which can be identified via
spectrophotometry at 540 mµ (Hestrin, 1949).
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One of the oldest procedures for detection of the presence of nerve agents is measuring the
degree of inhibition of cholinesterases using a chromogenous substrate via the so-called
Ellman’s method designed for identification of thiols (Ellman, 1959; Ellman et al., 1961). It is
the most often used method in clinical biochemistry to include its employment in field
individual equipment kits (Wilson, et al., 1997; Capacio et al., 2008). Its principle is splitting
of hydrolysis-thiocholine (acetyl- or butyrylthiocholine) while releasing the appropriate acid
and thiocholine according to the reaction scheme 8. The thiocholine molecule contains the SH group which can be detected by means of the so-called Ellman’s reagent, 5,5´-dithiobis(2nitrobenzoic) acid (DTNB). Splitting up the substrate into thiocholine is indicated by yellow
coloring which is caused by development of a reduced form of the Ellman’s reagent. This
enables spectrophotometric detection at 412 nm.
Various modifications of Ellman’s reaction are used in a number of detection means such
as detection tubes or a detection biosensor, Detehit (Tušarová & Halámek, 2001). This
means is utilized by the Armed Forces of the Czech Republic not only as an individual
equipment item but also as a means of chemical survey and monitoring. It is a strip
consisting of a zone with a cotton cloth with immobilized and stabilized acetylcholinesterase
and a detection paper with acetylthiocholine iodide and 5,5´-dithiobis(2-nitrobenzoic) acid.
The acetylcholinesterase is immobilized in the form of a stable enzyme chimera with
polysaccharide cellulose. The enzyme remains the solid phase and its use is polyvalent. An
advantage is the possibility of removing the surplus of organophosphate and reactivator by
simply flushing the cloth with water.
This simple colorimetric biosensor can be used, after exposition through nucleophilic
reagents, for selective inhibitor identification (Halámek et al., 2009; Hoskovcová et al., 2009).
The nucleophilic reagents restore the function of the enzyme by unbinding the inhibitor
from its active center under the formation of the so-called phosphorylated oxime. This
exposition, however, must happen even before the development of the so-called nonreactivable form of the phosphorylated enzyme. In clinical practice compounds based on
pyridinium aldoximes are used (Milatović & Jokanović, 2009). Their efficacy varies and
depends on many factors such as structure, number and placement of functional groups and
cationic points, number of pyridinium nuclei etc., but also the type of the inhibitor. Thanks
to those influences there is no broad-spectrum reactivator which would be able to react
effectively with an enzyme inhibited by any nerve agent. Exactly the different efficacy of
these oxime compounds compared to characteristic enzyme-inhibitor complexes results in
the already mentioned change to the intensity of color of the biosensor. From the original
white back to yellow owing to arising products of the substrate hydrolysis. The
measurement of coloring intensity is done by detecting the reflectance of the color surface of
an impregnated cloth (Tušarová et al., 1999; Hoskovcová et al., 2009).
For observing the activity of enzymes also other chromogens have been studied, e.g. indolephenylacetate, 2,6-dichlorindolephenyl acetate or β-naphthyl acetate, which are
characteristic through blue coloring (Kramer & Gamson, 1958; No et al., 2007), also
2-azobenzene-1-naphthylacetate with developing a red product (Epstein et al., 1957) or
reaction with bromothymol blue which, due to pH changes in hydrolysis, switches from the
originally blue-green color to the yellow one (Limperos & Ranta, 1953). There has been also
a description of substitution of the Ellman’s reagent by a more stable compound
5-(2-aminoethyl)dithio-2-nitrobenzoate (Zhu et al., 2004).
Using the redox indicator of Guinea green B enables the indication of presence of the
esterases inhibitor in automatic detectors. The basic principle is the ability of nerve agents to
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slow down or stop the biochemical reaction (see the reaction scheme 9). This reaction
applies BuTCh and Guinea green B whereas the normal course of the enzyme-catalyzed
hydrolysis will result in discoloring of indicator. In the presence of nerve agents there is no
change to coloring (Český obranný standard, 2007).
AChE
+
CH3C(O)SCH2CH2N(CH3)3 + H2O

+
2 (CH2)3NCH2CH2S

+

O2N

+
CH3COOH + (CH3)3NCH2CH2SH
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Reaction scheme 8. Ellman’s method for identification of acetylthiocholine hydrolysis
products.
For colorimetric evaluation a pH indicator strip has been developed, working in the range of
pH 6.0 up to 7.7. The acetic acid originated from hydrolysis will be marked dark red in the
detector. The method is comparable to the Ellman’s method but in contrast to it there is an
advantage of characteristic coloring which is visible even under the artificial light (Pohanka,
et al. 2010a). Same as the previous means it can function without any other instrumentation
and it offers a simple and rapid semiquantitative evaluation of contamination by
cholinesterases inhibitors.
Another modification of the Ellman’s method is a spectrophotometric FIA system developed
for detection of pesticides in water. Here the acetylcholinesterase is immobilized on
amidated glass pearls. The advantage of the system is the reactivation of an inhibited
enzyme through 2-PAM reactivator (Dăneţ, 2003). There has been also a procedure
described where DTNB is substituted by a chemiluminescent substance – 1,2-dioxethane.
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The test is based on a chemically induced electron luminescent exchange (Sabelle et al.,
2002).
The simple spectrophotometric identification has been described using a different
chromogenous substrate, indophenyl acetate, which is hydrolyzed to a color product by
enzymatic catalysis at pH 8. The production rate of this product depends on the enzyme
activity (Kramer & Gamson, 1958). There has been also a description of the method of
spectrophotometric identification of pesticides in the analyte through measuring of color
products of α-naphthol acetate. The substrate is catalytically hydrolyzed by AChE to αnaphthol which reacts with p-nitrobenzendiazonium fluoroborate while developing color
products (Leon-Gonzales & Townshend, 1990).
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Reaction scheme 9. Reaction mechanism of biochemical reaction modified by Guinea green B
Without the presence of chromogen the biosensors work based on non-linear optics.
Conformation changes of the applied enzyme are measured, for example at adsorption of
the produced thiocholine (Lin et al. 2006).
Also the system of spectrophotometric identification of cholinesterase inhibitors by means of
an integrated acetyl-butyrylcholinesterase surface has been described. The interaction of
these esterases with a reversible inhibitor, tetraphenyl porphyrin, leads to production of
characteristic maxima at 446 and 421 nm in the absorption spectrum. The exposition through
competitive inhibitors to a porphyrin-enzyme complex leads to reduction in values of
absorbance intensity for both characteristic porphyrin-enzyme peaks, which is, however, not
the case of noncompetitive inhibitors. The reduction of absorbance is caused by dissociation
of porphyrin from active enzyme sites (Brandy et al., 2003).
It seems to be interesting to use the so-called chromo-fluorogenous reagents with gold
nanoparticles. This nanotechnology was successfully tested for example for detection of
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paraoxon. The system consists of AChE, HAuCl4, gold nanoparticles and acetylthiocholine
iodide. The plasmon absorbance band of nanoparticles has higher intensity (blue) after
increasing the concentration of aceylthiocholine. The gold nanoparticles enlarge with
increasing the substrate concentration, which can be caused by increased production of
thiocholine that acts as a reduction substance for AuCl4, while producing the metal gold
which is deposited onto gold nanoparticles. These gold nanoparticles increase their size
proportionally to the concentration of thiocholine whereby changes to plasmon absorbance
are made. The gold nanoparticles are deposited onto a glass surface. In reaction of enzyme
with substrate the blue coloring will be shown (λ = 570 nm), after adding an inhibitor the
plasmon band will be reduced and the glass plate will turn pink (Pavlov et al., 2005).
3.2.2 Fluorescent biosensors
This type of optical biosensors has been described especially in recent years. It is based on
the principle of detecting fluorescent changes caused by the shift of pH in the course of
substrate hydrolysis (Díaz & Peinado, 1997).
Various papers describe a greater number of fluorescent substances which are suitable for
detection of nerve agents as well as organophosphorus pesticides and their simulators (Dale
& Rebek, 2006; Bencic-Nagale et al., 2006) but many of them do not correspond to
modification of the cholinesterase method; that is why they will not be included in this
chapter. Probably the first fiber optic cholinesterase biosensor with a fluorescent substance
was constructed with immobilized AChE with fluorescein isothiocyanate (FITC) on quartz
fibers (FITC-AChE) (Rogers et al., 1991). In the course of ACh hydrolysis, depending on the
pH change, a fluorescent signal under the influence of FITC-AChE is produced in the
system. It is present in the evanescent zone of the fiber surface and is quenched by produced
protons, which enables detecting the enzyme activity. Totally different is the fiber optic
biosensor based on covalently bonded AChE on isothiocyanate glass mixed with thymol
blue (immobilized on aminopropylic glass) and subsequently measuring the reflectance of
color changes of a pH-sensitive indicator in the course of enzyme-catalyzed hydrolysis at
600 nm (Andres & Narayanaswamy, 1997).
Fiber-optic biosensors provide a lot of benefits such as the possibility of miniaturization, the
possibility of remote sensing, in situ monitoring without the necessity of direct electric
supply, and except for that they minimize undesirable interactions between the fluorescent
detector and the sample.
The sol-gel technology meant a significant advancement for the construction of optical
biosensors. Very often it is used just for the optical fluorescent biosensors. These biosensors
contain a pH-sensitive fluorescent indicator encapsulated along with the enzyme in the solgel network. Biorecognition elements are protected by polymeric material which enables the
substrate to diffuse easily to the enzyme and to be bonded subsequently. For detection of
organophosphorus pesticides we have used for example the ChE immobilized in the sol-gel
silicone matrix along with indoxyl-acetate substrate which is not a fluorescent substance but
its hydrolysis gives rise to a highly fluorescent indoxyl. In the presence of the AChE
inhibitor this fluorescence is reduced (Díaz & Peinado, 1997). In the paper (Tsai & Doong,
2000) altogether nine fluorescent substances were used for optimization of the fiber-optic
biosensor on the sol-gel principle for detection of organophosphorus pesticides whereas the
best results were achieved with FITC-dextran.
The Ellman’s reagent was substituted by fluorescent substances such as fluorescein-5maleimide or methylcoumarin maleimide analoga (Parvari et al., as cited in Capacio et al.,

Modified Cholinesterase Technology in the Construction of
Biosensors for Organophosphorus Nerve Agents and Pesticides Detection

79

2008). Same as DTNB they react with thiocholine substrates. Coumarinylphenylmaleimide
(CPM) forms with thiocholine a CPM-thiocholine product which is continually monitored
by laser-induced fluorescence. After inhibitor exposition the fluorescent signal is reduced
due to decreased concentration of thiocholine originated from the hydrolytic reaction
catalyzed by AChE, and it results in negative peak depending on the type of inhibition
(Hadd et al., 1999).
Another fluorescent biosensor for detection of pesticides applies AChE and a pH-sensitive
fluorescent indicator – pyranine, immobilized onto nanoliposoms. Reducing the fluorescent
signal of the pH indicator is proportional to the concentration of pesticides tested. This
biosensor was tested for detection of the total toxicity in samples of drinking water
(Vamvakaki & Chaniotakis, 2007; as cited in Miao et al., 2010).
Using the fluorescent substances for detection of cholinesterases inhibitors has found its
way also to analytical kits. Such an analysis is quick and reliable and it enables the
acquisition of results even in the field conditions (Technical Bulletin 296, 1996; Product
information K 015-F1, 2004; Product information A 12217, 2009).
3.3 Piezoelectric biosensors
Besides the already mentioned methods we also use biosensors with piezoelectric converters
for detection of organophosphates and carbamates. This type of converters can be used for
biosensors with AChE immobilized onto the crystal face which serves as a frequency control
element for the connection of oscillator. This device works based on the principle of changes
to resonance frequency of the crystal. The frequency rises as a result of changes to
oscillation, thickness or elasticity of the film applied on the crystal (O´Sullivan & Guilbault,
1999), i.e. in case of piezoelectric biosensors the change of resonance frequency depends
directly on the mass of molecules bonded to the sensitive surface (Skládal, 1995; Grate et al.,
1993; as all cited in Skládal & Macholán, 1997).
In the paper (Abad et al., 1998) 3-indolylacetate, which is transformed to indigo as a result of
enzymatic reactions, was used as a substrate. This insoluble pigment is entrapped on the
surface of the crystal, which results in frequency changes. The rate and extent of enzymatic
reaction are proportional to those frequency changes related to thickness of the QCM
(Quartz crystal microbalance) surface, caused by the product of enzymatic reaction.
Another piezoelectric biosensor works, instead of detecting the enzyme activity – i.e. a
substrate transformation, based on the principle of measuring the AChE bond to a reversible
inhibitor, benzoylecgonine-1,8-dioxaoctane, which is immobilized onto the layer of 11mercaptomonoundecanoic acid on the gold surface of the sensor. The AChE bond to the
inhibitor is detected by a mass-sensitive QCM detector. In case of presence of the
organophosphate in a sample the enzyme bond to an immobilized reversible inhibitor is
reduced. The reduction in mass changes is proportional to the concentration of a free
inhibitor in a sample. This biosensor can be practically applied for control and quick
analysis of the presence of organophosphates in water streams (Halámek et al., 2005).

4. Enzyme immobilization
The most important step in preparation of a biosensor is immobilization and stabilization of
enzyme on the working surface. It can be an electrode or just a cloth or paper (Tušarová &
Halámek, 2001). The enzyme immobilization determines the possibilities and construction of
a biosensor. The selection of an appropriate way of immobilization is important to keep the
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catalytic activity of the enzyme and the mechanism for signal transmission. This process is
given by interactions between the enzyme and the surface of the given material which
serves as a carrier. The principal requirement is to keep the given system sufficiently stable
and efficient and to preserve its sensitivity and selectivity. An unsubstitutable role is played
also by the cost of the whole system.
Carrying matrices, which are used for enzyme immobilization, can be included in groups of
natural polymers such as polysaccharides or proteins, synthetic polymers such as
polystyrene, polyacrylates, methacrylates etc. or inorganic carriers such as minerals, active
carbon, fiber glasses or porous metal oxides (Pohanka et al., 2010 b; Doretti et al., 1998).
The basic methods for enzyme immobilization include physical adsorption, covalent bond,
self-assembled monolayer (SAM), physical entrapment and affinity precipitation
(Andreescu & Marty, 2006). The AChE immobilized for purposes of detection of
organophosphorus substances, however, should not be entrapped by high affinity.
The physical adsorption of an enzyme onto the surface is supported by van der Waal’s
forces, thus the bond is very weak. This way of immobilization is the simplest one within
the whole range of techniques used. It is characterized by disadvantages such as a weak
operational stability and limited storing capacities.
The most often used way of immobilization is the covalent bond. This method commonly
uses the modifications of converters with a bifunctional cross-linker such as glutaraldehyde,
carbodiimide/succinimide or aminopropyltriethoxysilanes, albumin, chitosan etc., which
are scaled on the supporting side activated by amino, carboxyl or hydroxyl groups and on
the other side with biomolecules. This technique means increasing the stability of enzyme
but the disadvantage is a great amount of bioreagent and lower reproducibility (Andreescu
& Marty, 2006; Gyurcsányi et al., 1999; Kandimalla & Ju, 2006; Li et al., 1999; Nunes et al.,
2004). The most often applied immobilization technique is the cross-linking by means of
glutaraldehyde. The cross-linking of enzyme with glutaraldehyde on an electropolymeric
polyethyleneimine film on the electrode surface was used for example for potentiometric
measurement in the paper (Reybier et al., 2002). Polyethylenimine as a carrier for ChE was
used also for a screen electrode in the paper (Montesinos et al., 2001), chitosan with MWNT
(Kandimalla & Ju, 2006) or with a glassy carbon electrode (Sun & Wang, 2010); the
bienzymatic AChE-ChO system is immobilized through glutaraldehyde to a glass electrode
modified by Au-Pt nanoparticles (Upadhyay et al., 2009) etc.
The self-assembled monolayer exploits the placement of a thin layer directly onto the
converter. The layer is made up of strong adsorption of alkenesilanes or disulfides, sulfides
and thiols onto the metallic surface of the converter. Very often gold surfaces are used
(Somerset et al., 2009). However, also other electrode materials are exploited, such as carbon
nanotubes (Liu & Lin, 2006). The stability of a layer is ensured through formation of long
chains of n-alkylthiols or silanes. This immobilization technique enables the orientation and
space control of the enzyme and degradation of diffusion barriers. A disadvantage is the
repeated layering of biomolecules (Andreescu & Marty, 2006, Arduini et al., 2010).
The mechanical entrapment is possible through a photopolymeric monomer, sol-gel matrix
or nanoparticles and magnetic microparticles (Pohanka et al., 2009). The enzyme,
transmitters and possible additives can be entrapped in one layer (Andreescu & Marty,
2006). The entrapment in photopolymeric matrix includes mixing the enzyme
with monomer with subsequent polymerization under the neon lamp (Andreescu et al.,
2002b, c). The photopolymeric matrix is a material suitable for the use with various enzymes
and for various types of electrodes. The sol-gel procedure enables the entrapment of organic
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molecules in an inorganic material. Compared to other immobilization techniques it enables
the anchorage of a great amount of enzyme, thermal and chemical stability, the possibility
for selection of size and shape of pores for penetration of a substrate or inhibitors and its
preparation is simple. The so-called microencapsulation in pores of the sol-gel matrix is not
dependant on protein properties, significantly reduces neither the activity nor the affinity of
biomolecules, because the enzyme is not covalently bonded to the matrix. Very often the solgel silicate matrices are used for construction of fluorescent fiber-optic biosensors (Díaz &
Peinado, 1997) or as a carrier for biosensors based on reactions of nanoparticles (Du et al.,
2008). The sol-gel technology was described even based on non-silicate matrices, e.g. with
aluminium oxide, titanium, vanadium peroxide, zirconium dioxide or zinc oxide (Daigle &
Leech, 1997; Elessi et al., 1997; Li et al., 1998; Meulenkamp, 1998; as all cited in Sinha et al.,
2010; Sinha et al., 2010).
Affinity tags represent a modern trend in enzyme immobilizations. This technique is
focused on oriented and site-specific immobilization of enzymes. One of the trends is the
formation of a bioaffinity bond between supporting and functional groups of proteins. This
can be achieved through affinity interactions of functional groups of the activated electrode
surface (lectins, (strept)avidin, sugars and metal chelates) and affinity tags of ChE. ChEs
contain a limited number of those groups which are placed far enough from active sites and
they are suitable for formation of an affinity bond (Andeescu & Marty, 2006). There was a
description of an immobilization method based on an affinity bond through metal chelate
(nitriloacetic acid in the complex with nickel ions) and a hexa-histidine bond
with genetically modified AChE (Andreescu et al., 2001, Andreescu et al., 2002c). Another
way of affinity interactions includes the bond between avidin and biotin which was used for
enzyme multilayer membrane sets on the surface of a quartz plate and electrode. The
enzyme is immobilized in turns onto individual layers. This set can be used for both monoand bienzymatic biosensor (Chen et al., 1998). The streptavidin-biotin was used for AChE
immobilization onto a carbon nanotube (CNT) (Gao et al., 2009). As for lectins, the use of
concanavalin A is described. In the paper (Ivanov et al., 2010) there was a test of a biosensor
with position-specified immobilized AChE through albumin, glutaraldehyde and lectin
concanavalin A on a hybrid polymer membrane in combination with MWCN; in the paper
(Bucur et al., 2004) an affinity bond using concanavalin A and a screen electrode is
applied.
The biosensor selectivity and sensitivity depend on the conditions of immobilization. Very
often we discuss the rule saying “a lower enzyme activity or a thinner enzymatic membrane
means higher sensitivity or a lower detection limit of the inhibitor identified”. According to
the study (Ivanov et al., 2000) a thinner film with quicker reaction will be produced thanks
to direct enzyme immobilization onto the electrode surface; however, this does not mean
increasing the sensitivity of biosensor. It is caused by relative saturation of the enzyme layer
with a substrate or an inhibitor and it depends on diffusion of reactants to this membrane.
Buffering properties of the membrane material may contribute to relative accumulation of
products of the catalyzed hydrolysis. This compensates for the lower enzyme activity and
causes increasing the response of biosensor. It is important that the accumulation intensifies
the changes to enzyme activity thanks to the contact of enzyme with inhibitor. The abovesaid results in reduction of a detection limit and a relative sensitivity reduction compared to
biosensors without diffusion limits or mass transfers to the membrane surface. The influence
of diffusion factors can be affected also by pre-concentrating of the pesticide at a membrane.
Then the identification of inhibitor depends on its hydrophobicity (Ivanov et al., 2000).
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Membranes placed onto the enzymatic layer reduce the relative saturation of this layer with
substrate and thus they increase the linear extent of the identified substrate concentration.
When applying the enzyme inhibitors, they do not provide any bigger advantage because
the maximum inhibitor sensitivity requires substrate saturation of the membrane. One of the
possibilities for membrane protection is the nafion layer placed between the working surface
of the sensor and the enzymatic layer. This configuration means reducing the response of
biosensor on one hand but on the other hand it provides higher stability of the carbon layer
and greater stability of the thin layer of immobilized ChE and it does not reduce the
biosensor sensitivity (Gogol et al., 2000).
The metal nanoparticles can be of great importance for increasing the stability and speed of
the response of biosensors. The nanoparticles act as transmitters of an electron transfer from
an enzyme molecule to an electrode. Very often gold nanoparticles are used because of their
biocompatibility with enzymes (Marinov et al., 2010; Pavlov et al., 2005; Yin et al., 2009).
They roughen the surface and subsequently increase interactions on the electrode (Shulga &
Kirchoff, 2007). Also other nanoparticles were used, Au-CdS, placed on a gold electrode
with AChE (Zayats et al., 2003; as cited in Shulga & Kirchoff, 2007). The use of nanoparticles
also includes carbon, zircon and CdS particles (Ion et al., 2010; Liu et al., 2008).

5. Conclusion
Many substances with an anti-cholinergic effect can be, besides extensive industrial
applications, used in the military or misused for terrorist purposes as it is shown by events
from the recent past when in 1988 the nerve agents were used by Iraq against the Kurdish
minority or in 1995 during the terrorist attack in Tokyo subway, conducted by the Aum
Shinrikyo sect. Every year millions of tons of those substances/agents are produced for the
needs of agriculture, medicine, industry and many other branches. They are quite toxic and
for living organisms they mean a considerable risk even at very low concentrations. For
these reasons the importance of early detection and analysis is growing. Many analytical
methods (GC, MS, GC-MS, HPLC etc.) require a long preparation of samples such as
homogenization, extraction, purification or derivatization. Some of these procedures may
lead to sample devaluation. An alternative for those lengthy and laborious procedures is
offered by biosensors. They meet the requirements for a rapid detection of nerve agents or
organophosphorus pesticides for a quick adoption of protective measures to conceal,
evacuate the inhabitants and conduct decontamination with checking its efficiency. The
above requirements also include an easy handling and low cost. Their other indisputable
benefits include a low sample volume, a partial protection of the immobilized enzyme
against undesirable physical phenomena, a possibility for monitoring of kinetic and
dissociation constants and the type of inhibition. Newly the biosensors are used for
evaluation of new AChE reactivators (Pohanka et al., 2007).
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1. Introduction
The importance of the subject dealing with oxidative stress and antioxidants protection
against oxidative stress was increasing in the last three decades, a proof of this assertion
being the huge number of publications appeared since 2000 (meaning 150582 publications)
devoted, for example, to antioxidant.
Addressing such a topic like Reactive Oxygen Species (ROS) and/or antioxidants (Aox)
assessment it has to be clearly described the mean of both these terms and, concomitantly,
the close inter-dependence between their actions and, respectively, effects. To support the
assertion we would like to mention the fact that two of the four recommended steps in
protocol for antioxidant assessment (Becker et al., 2004) are that regarding the evaluation of
compound activity as inhibitor of lipid peroxidation in biological model systems and the
study of the compound efficiency against relevant oxidative markers, these providing the
evidence of strict correlation between ROS toxicity and antioxidant efficacy.
As consequence, in this point it could be found the main reason in the attempt to develop
flexible (versatile) bio-analytical tools applicable both in ROS toxicity assessment and
antioxidant analysis, such are the sensors/biosensors.
Reactive oxygen species (ROS) toxicity assessment was a subject of highly interest in all
types of publications about the oxidative stress because in the last decades was proven an
increasing occurrence of pathologies associated to ROS presence (Dalle-Donne et al. 2006,
Butterfield et al. 2001). The ROS “attack” arises on specific receptors from a cellular
component which is the oxidizable substrate, producing as result an oxidized molecular
product. Generally, this is the key-event in several diseases evolution like Alzheimer's
(Jaeger et al, 2008) cardiovascular diseases (Knopp et al. 2008) and others age-related
diseases (Wang et al., 2008).
In order to status a common basis of the used terms the beginning of this chapter is devoted
to a short description of each of them, with examples, further followed by the biosensors
development and application on assessment of ROS, respectively antioxidants.
Up to date all reported biosensors employed various approaches, from direct analysis of
compounds with characteristics antioxidants, to measuring the antioxidant enzymes activity
and detection of free radicals. Most reported biosensors use immobilized enzymes in
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combination with electrochemical transducers, mainly amperometric devices (Mello &
Kubota, 2007).
We are presenting in this chapter the use of biosensor in such determinations underlining
with several experimental critical points that have to be tackled when a biosensor is
developed and are implemented in ROS and antioxidants assessments. All examples that we
are giving in this chapter are performed using some case study, significant for each
category, namely for ROS, respectively antioxidants. It has to be highlighted from the very
beginning that all examples are fully applicable only in vitro and useful as screening tools
for providing information eventually helpful in vivo , but the in vivo determinations request
other deep investigations strictly corroborated to metabolic pathways and pathological
substantiation.
In the above mentioned context the versatility of sensors and biosensors application in both
the analysis of antioxidants and evaluation of reactive oxygen species is defined by their
extended use as analytical tool either in quantification of phytochemical compounds acting
as antioxidants (especially phenolics and phenolic derivatives) and their known applications
in the evaluation of antioxidant properties with respect to relevant oxidative markers.
Moreover, several studies reported the electrochemical sensors application when it has to be
evaluated the inhibition/ending of lipid oxidation.

2. Basics on reactive oxygen species and antioxidants
Reactive oxygen species (ROS) describe very reactive molecules containing oxygen, their
high reactivity being given by the presence of unpaired electrons in the valence shell. As
underlined by Halliwell (Halliwell, 2007 Halliwell Barry, Gutteridge J.M.C, Free Radicals in
Biology and Medicine, Fourth edition, Oxford University Press, 2007), ROS is a general term
that includes both oxygen radicals and several non-radical derivatives of oxygen, being
overall acceptable that all oxygen radicals are ROS but not all ROS are oxygen radicals. A
brief review of the most important ROS, mainly those with proved in vivo action, is given
below, either radicals or non-radicals ROS.
The first produced free radical in the aerobic organisms is the superoxide radical O2•-, a very
reactive radical that afterwards generates hydrogen peroxide and can lead to lipid
peroxidation, DNA and RNA damage, etc.
Another radical ROS is hydroperoxyl, HO2• which generally exists in traces in equilibrium
with O2•- at physiological pH, its reactivity being mainly related to its higher capability to
membrane cross than superoxide anion radical.
Hydroxyl radical OH• is the most reactive among ROS and can be formed by interaction of
superoxide anion O2•- and hydrogen peroxide H2O2 with cellular compounds through
reactions like Fenton or Haber–Weiss.
Peroxyl radicals RO2• and alkoxyl radicals, RO• are oxygen centered radicals formed by
various routes, like reaction of carbon centered radicals with oxygen, or by decomposition of
organic peroxides, being extremely important in lipid peroxidation reactions, especially as
reaction product.
Hydrogen peroxide is a non-radical ROS, widespread in vivo, generated as product in
various enzymatic reactions (that involving xanthine oxidase, superoxid dismutase, Daminoacid oxidases etc.), mitochondria being one of the main sources for hydrogen peroxide
on cellular level.
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Singlet oxygen, existing normally in two states, is produced via photosensitization reactions
or by decomposing peroxyl radicals, both reactions being very important in vivo.
Anyway, usually ROS are produced in metabolic reactions all the time, their level being
maintained at certain level limits by the same metabolic reaction and by the action of socalled antioxidants defence. When an imbalance between ROS and antioxidants occurs, it
results in the generation of oxidative stress, defined by Sies as: a disturbance in the prooxidant – antioxidant balance in favour of the pro-oxidants, leading to potential damages.
Oxidative stress plays an important role in the pathogenesis of many diseases such as
atherosclerosis, diabetes, hypertension, cancer and in the ageing process.
Halliwell gave the general accepted definition of the antioxidant as any substance that,
when present in low concentrations compared to those of an oxidizable substrate,
significantly delays or prevents oxidation of that substance (Halliwell 1990).
The antioxidants classifications support various points of view, depending on the
antioxidant source, antioxidant action (mechanism) during radical chain reactions, or
depending on antioxidant mechanisms as hydrogen or electron transfer reactions. As
sources antioxidants can be divided into endogenous (internally synthesized, enzymatic
ones -superoxide dismutase, catalase, glutathione peroxidase- or non-enzymatic - uric acid,
bilirubine, albumine, glutathione etc.) and exogenous (diet-derived, like polyphenols,
anthocyans, vitamin E, carotens, ascorbic acid etc.), while depending on their mechanism of
action they can be divided into chain breaking antioxidants and preventive antioxidants
(Somogyi, et al. 2007). Obviously, a classification criterion does not exclude another.
Therefore, it has to be stressed that preventive antioxidants include enzymes such as
superoxide dismutase that scavenge, for example, superoxide radical, blocking the initiation
of chain reactions, while chain breaking antioxidants destroy free radicals after that they
were formed, thus inhibiting the propagation of chain reactions, such as tocopherol (vitamin
E) action against peroxyl radicals, during lipo-peroxidation.
The assessment of free radicals (FR) toxicity became very important due to the increasing
degree and sources of pollution as long as the increasing occurrence of pathologies
associated to the presence of free radicals in living organisms (Dalle-Donne et al. 2006,
Butterfield et al. 2001).

3. How to design electrochemical sensors for ROS assessement. Case study
HO•, superoxide and lipoperoxides radicals’ assessment
When developing a protocol to assess free radicals toxicity it has to be taken into account
that the FR “attack” takes place against a substrate producing an oxidized molecular
product, this being generally the key-event in several diseases evolution. Usually, the
amount of oxidized product is proportional to FR concentration and strictly related to the
intensity of the damaging effect.
All existing methods able to evaluate effects of the ROS against cellular membrane
components bear the drawback of the ROS short life-time, making difficult any attempt of
direct assay; therefore it is usually preferred to monitor the molecular product of the
oxidative stress reaction (Dalle-Donne et al. 2006, Butterfield et al. 2001). This monitoring
approach is possible due to the fact that the degree of substrate oxidative damaging
correlates strictly to the ROS concentration.
Generally highly sensitive procedures employed in such type of measurements are based on
hyphenated techniques like high-performance chromatography (HPLC) with mass
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spectrometry (MS) detection, either coupled mass spectrometry detection (HPLC-MS/MS),
or with mass – spectrometry detection with resolved time of flight signal (MS-ToF); the most
complex such technique is that based on Matrix Assisted Lased Desorption-Ionization-Time
of Flight detection (MALDI ToF) (Dalle-Donne et al. 2006). Another measuring procedure
reported for the molecular product determination of the oxidative reaction is based on
enzyme immunoassay (EIA) detection as reported, for example, by Kohno (Kohno et al.,
2000) which realized a sandwich EIA suitable for the measurement of human oxidized LDL
(Ox-LDL) in blood, using mouse monoclonal antibody specific for oxidized
phosphatidylcholine as the capture antibody, and a horseradish peroxidase (HRP)-labeled
goat anti-human apolipoprotein-B (Apo-B) IgG for detection. The use of such kind of
detection devices is costly in order to achieve reasonable analytical information.
Therefore, the logical outcome is that, by using an electrochemical device as screening tool,
it is possible to appear an alternative to the mentioned expensive analysis for determination
of certain free radicals toxicity.
This approach is more interesting when is undoubtedly necessary to obtain biological
significant information about free radicals toxicity or about antioxidant efficacy, especially
considering the Halliwell criteria about how to assess an antioxidant (Halliwell, 2006).
Direct determination of ROS extent in biological systems requires highly sensitive methods,
at least on nanomolar level since, for example, superoxide anion physiological level is about
10-10 molL-1 and it can be performed by different methods as fluorescence assays (Benov et
al., 1998), electron spin resonance (ESR) (Roubaud et al., 1997) or chemiluminescence (Yao et
al., 2004). In the same time, the exact amount of reactive oxygen from complex samples
using various types of sensors and biosensors was reported, starting with fluorimetric
sensors (Pastor et al., 2004) and ending with electrochemical ones, either amperometric –
with mediated or direct electron transfer (Tian et al., 2002, 2005; Ohsaka et al., 1995, 2001,
2002; Campanella et al., 2000; Dharmapandian et al, 2010) or voltammetric (Fan et al., 2004;
Cortina-Puig et al., 2009). From all these analytical tools the highly sensitive ones should be
mentioned, able to perform the determination of nitric oxide with a detection limit of 20
pmolL-1 (Fan et al., 2004) while the fluorimetric biosensor for superoxide anion exhibited a
quantification limit of 20 nmolL-1(Pastor et al., 2004). There are data reporting the
simultaneous detection of reactive species of oxygen and nitrogen in macrophage cells using
multi-step amperometric method (Amatore et al., 2008, 2010).
In this work we are presenting new electrochemical devices -electrochemical sensors- as
alternative for ROS toxicity screening analysis, based on the use of bio-mimetic systems as
oxidizable substrates.
It has to be emphasized once again that the biomimetic systems were developed for
applications addressing information on ROS toxicity for ROS concentration levels with
physiological signification, but without a sensitivity competing with in vivo measurements,
since hyphenated techniques are used for this purpose.
The biomimetic systems use two substrates highly susceptible to lipoperoxidation, namely
human low-density lipoprotein (LDL) and phosphatidylcholine (PC).
3.1 Why lipoprotein and phospholipids as biomimetic systems?
Lipoproteins in general and especially low-density lipoproteins (LDL), are the main target of
free radicals “attack“ on cellular level because lipoperoxidation is considered to be
responsible of main damage of both proteins and lipids from cellular membranes (Halliwell
& Gutteridge, 2007). LDL are considered to have an important role in biological process that
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initiates and accelerates the development of cardiovascular diseases (Knopp et al. 2008) and
influence Alzheimer's (Jaeger & Pietrzik 2008) and others diseases (Irshad, 2004; Staples et
al. 2008; Parhami, 2003).
This is the main point from which we started the development of a new bio-mimetic model,
thought to be able to help in understanding the structural and conformational modifications
occurring on LDL subsequent to oxidative damage induction without using in vivo
assessments. Other data supporting the use of LDL as bio-mimetic model are those related
to the evidence that a key event in development of the various pathologies is the LDL
oxidation step. The LDL oxidative modification has a unique pathway with respect to other
lipoproteins (Parthasarathy et al., 2008), LDL being more sensitive to oxidation (Lam et al.,
2004). LDL oxidation is dependent on the antioxidants within the cellular medium (Fierth et
al., 2008).
In the same time, another peroxidation process, membrane phospholipid peroxidation, was
incriminated in relation to oxidative damage occurring during pathological changes such as
immuno-functional modulations, atherogeneses, and aging (Nagakawa et al., 1996)
Phospholipid hydro-peroxide-the main product of membrane phospholipid peroxidation,
may accumulate when the oxidative damage takes place in cellular membrane. In the same
time, it was found that considerably elevated levels of phospholipid hydroperoxides
occurred in blood cells of patients with Alzheimer's disease as compared to healthy
volunteers. As a result, it seems very important to find out the level of ROS inducing such
oxidative damage, and consequently, which are the effective antioxidants that can inhibit
the formation of phospholipid hydroperoxides to prevent the disease. All data supporting
phopholipid implication in key-events of important degenerative diseases made us to
attempt to built up a second bio-mimetic system, based on another substrate highly
susceptible to lipoperoxidation, namely phosphatidylcholine (PC).
Phosphatidylcholine, despite of a simple structure, is following in main steps the same
oxidation pathway as LDL, generating lipoperoxides in presence of peroxyl radicals (see
even figure 1).
3.2 Development of biomimetic systems to be used in sensors/biosensors
construction
When dealing with development of biomimetic systems used in construction of sensors for
ROS assessment, we decided to exemplify by the mean of the easiest methods available for
oxidative substrates immobilization.
Therefore, when oxidative substrates containing –SH groups are used (as example LDL or
DNA) two simple immobilization methods are available:
a. Direct deposition on solid support (Au sheet) by solution casting from oxidative
substrate suspensions using suspensions containing a known mass of lipoprotein. Our
protocol, already reported (Litescu et al., 2002) supposes the use of 60 ppm LDL
suspension in KCl, 12 hours immobilization by solution casting on solid support, then
further washed, dried and stored under vacuum, at 4°C.
b. Co-immobilization of substrate from suspensions on gold nanoparticles (25 mg mL-1)
and further attachment on conductive solid support. According to our experience, for
LDL the optimal procedure consists in using of 1000 µg mL-1 LDL in 0.1 mol L-1 KCl
allowed to immobilize 12 hours on AuNP then washed, dried under vacuum and stored
under vacuum at 4°C.
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When phospholipids are the oxidation substrate (example phosphatidylcholine, PC) the
immobilization procedure consisted in suspending an exact amount of phospholipid in a
solvent containing the best supporting electrolyte for electrochemical sensors, followed by
chemisorption in controlled conditions on conductive support: inert atmosphere, optimum
deposition time (able to ensure the appropriate thickness for the substrate layer and sensor
operational stability), appropriate temperature. For example, our protocol used to build up a
PC-based biomimetic system consists in the following: suspending of 72 mg of PC in 5 mL
KCl 0.1 mol L-1, suspending 24 mg of magnetic nanobeads (Fe3O4) in the previous solution,
vortexed for 24 hours. After that PC-modified nanobeads (PC-Fe3O4) were separated,
washed repeatedly, dried at 60°C for 30 minutes and stored at 4°C. The voltammetry
experiments were performed applying a magnetic field in order to focus the same
population of PC-Fe3O4 on the surface of working electrode.
It should be emphasized that the main critical point when the biomimetic systems are
used in the ROS toxicity evaluation (and, consequently in assessment of the structural
damaging induced by lipoperoxidation) consists in compulsory preservation of main
functional groups availability toward ROS “attack”. As consequence, checking the proper
immobilization by surface analysis techniques (like Fourier Transformed Infrared
Spectroscopy, XPS etc.) is essential at least in the first steps of elaboration of the protocols
for sensors construction.
In the same time, it has to be mentioned a sine qua non condition that is mandatory when
electrochemical sensors for ROS assessments are developed: it is necessary that ROS attack
generate a significant change in electroactive properties of the used substrate. This means
that the structural changes of the substrate have either gave birth to electroactive oxidation
products or modify in a measurable way the substrate genuine electroactivity. Of course the
amount of oxidized product (the amount of modified charge) is proportional to FR
concentration and strictly related to the intensity of the damaging effect, raising an
electrochemically measurable signal (amperometric, conductometric or voltametric).
3.2 Substrates oxidation
There are three simple possibilities to induce a fast and controlled lipo-peroxidation:
heating, making the substrate (lipoprotein, phospholipids) to react with peroxyl radicals
produced by azo-initiators or generating HO. radicals, or using the classical Fenton reaction.
In our protocol , thermally generated peroxyl radicals (ROO.) by the decomposition of
AAPH reacted with the substrates (LDL, respectively PC) as shown in figure 1 (where LH is
the unoxidized lipoprotein, while PC is the unoxidized phosphatidylcholine); subsequently
are generated the lipoperoxides (LOO., respectively PCOO.) electrochemically active (see
also figure 2). The lipoperoxides reduction electrode process is further monitored
electrochemically because the LDL, respectively PC, structural modifications induced by
oxidation gave rise to a measurable signal.
In our experiments lipoperoxidation of the two substrates (LDL and PC) was initiated using
peroxyl radicals obtained at a controlled rate by a known procedure: an aqueous solution of
free radical azo-initiator, 2,2’-azobis (2methylpropionamidine) dihydrochloride, AAPH (83,8
mg to 10 mL of KCl 0.1 mol L-1) was left at 37°C for 10 minutes, these conditions inducing
the generation of ROS according to reactions given in figure below. It was demonstrated
(Nikki, 1990) that aqueous solution of AAPH, 10 mmol L-1, constantly generates, at 37°C,
1.36x10-6 mol L-1 sec-1 of free radical.
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The generated ROS, ROO·, is further capable to induce lipids peroxidation.
CH3

CH3

CH3
NH

NH
C

H 2N

N

N

37o C

C

H2O

NH2

NH
2
H 2N

CH3

CH3

CH3

C

AAPH
CH3

CH3
NH

NH
2
H2N

C

2
H2N

+ 2O2

NH

CH3

O

+ LH
LOO .......
electrochem. inactive

CH3
C

O

CH3

CH3

H 2N

C

O

LOOH
electrochem. active

O
+PC
electrochem. inactive

PCOO .......

PCOOH
electrochem. active

Fig. 1. Pathway of peroxidation induced by thermal decomposition of azo-initiator AAPH.
As noticed from figure 2, both phosphatidylcholine and LDL exhibit a similar behavior,
proving no electroactive characteristics in solution or deposed, while an anodic reduction
peak around + 0.395 ± 0.020 V raises in the presence of AAPH generated peroxidation.
B

A

(1) LH

(1) PC
(2)LOO.

(2)PCOO.

Fig. 2. Cyclic voltammograms of LDL (A) and PC (B) un-oxidized (1) oxidized (2);
v = 100mVs-1 (WE=Au) KCl 0.1 molL-1.
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3.3 Applications of sensors based on biomimetic systems
3.3.1 Application of sensors based on biomimetic systems to ROS assessment
The variation of the current intensity of the lipoperoxides peak with the ROS
concentration was proved to be linear for both substrates on a concentration range
of physiological significance 10-7 - 1.6x10-6 molL-1; the equation of the linear domain
was
I(µA) = 160,14xC(µ molL-1)+ 49.72 (R2 = 0,9958)
for LDL
and,
respectively,
I(µA) = 211.15xC (µ molL-1)+ 85.38 (R2 = 0,9636) in the case of PC use, the obtained detection
limit for both models calculated as 3 x S/N being 4x10-7 mol L-1.
In order to accomplish the goal of providing physiological significant data, the
electrochemical device response has to be sensitive both to ROS concentration and to
oxidizable substrate concentration. As consequence, chronoamperometric determinations
using reduction potential of lipoperoxide were performed for various LDL concentrations
and the same AAPH (in fact ROO.) concentration.
It was noticed that the lipoperoxides formation increased with the increasing of the
substrate concentration in the range 200 to 500 µg mL-1, concentrations higher than
500 µg mL-1 causing the electrode passivation (see table 1).
Substrate
concentration
(µg mL-1)
200
420
1000

I peak ± SD nA, (E=0.395V±0.020)
WE= LDL/Au

WE = PC/Au

108 (± 26)
250 (± 18)
302 (± 12)

324 (± 32)
708 (± 29)
600 (± 44)

Table 1. Dependence of LOO. signal on oxidizable substrate concentration (oxidation
initiated by AAPH 10x10-3molL-1; results are the mean of 5 measurements)
These responses proved that the designed system is equally sensitive to substrate amount.
The obtained electrochemical data demonstrating the suitability of the built model in the
study of lipoprotein ROS oxidation and assessment of the degree of ROS damage against
lipoproteins biomimetic system were confirmed by FTIR and MALDI-ToF analysis.
Subsequent to AAPH attack FTIR spectra performed on the LDL-Au surface confirmed the
lipoperoxides formation: band corresponding to ester groups from lipid residues at 1740 cm-1
changed, and new HO absorption bands at 3600-3700 cm-1 and 917 cm-1 appear, these
proving the lipoperoxides formation (FTIR data not shown) and a structural modification
of the LDL molecule with respect to amide II absorption band that is modified. The
MALDI-ToF analysis was also performed in order to obtain another confirmation of the
modifications observed in the LDL structure, as result of oxidation by ROS attack. As could
be observed from figure 3, the significant mass region for LDL is ranging between 1 and
10000 Da, because the signals in the mass region 10000 – 25000 were very weak and wide,
while from 25000 to 80000 no signal was observed. The characteristic mass fragments for
LDL itself are 1509 Da, 2569 Da, 4394 Da, 6420 Da, 6637 Da, 7647.5 Da and the 9432 Da.
When the oxidation using AAPH initiator was performed it was noticed a 60% decrease in
the intensity of the molecular fragments from 4394 Da, and for 1509 Da, while signals from
7647.5 Da and 9432 Da not only decreased significantly, but even are significantly shifted
toward 7600 Da and, respectively 9492 Da, corresponding to mass modification multiples of
peroxyl mass (Tache et al., in press).
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Fig. 3. MALDI-ToF spectra of un-oxidized LDL (A) and oxidized LDL (B), oxidation
initiated by AAPH mmolL-1
3.3.2 Application of sensors based on biomimetic systems to antioxidant efficacy
assessments
As mentioned earlier a bio-analytical tool devoted to assessment of ROS has to be applicable
both in ROS toxicity assessment and antioxidant analysis. As consequence, further was
studied the potential application of realized sensors to assess the efficacy of few antioxidants
against lipoperoxidation.
Taking into account the fact that an antioxidant is specific for a certain type of free radical
that induces the oxidative stress (or, eventually to a narrow class of radicals) several
antioxidants were tested against lipoperoxidation of LDL, using the LDL/Au sensor.
Determinations were performed using an antioxidant concentration of 10-6 mol L-1, the
AAPH concentration being 10x10-3mol L-1 (respectively ROO. concentration 1.63x10-3mol L-1),
and the modified electrode being incubated in the antioxidant solution for 20 minutes prior
oxidation. The efficacy of antioxidants preservation was monitored in time, and the relative
percent of lipoperoxide formation was calculated according to the formula (1), where %LOO
• is the current intensity of the peak
is the percent of formed lipoperoxides, i LOO
FR
corresponding to lipoperoxides formation after ROS attack, and i LOO•
is the current
ROS + Aox
intensity of the same peak, when both ROS and antioxidant are in the measuring system
(Litescu et al., 2002).
i LOO •
%LOO • =
100 - ( ROS
)
i LOO •
ROS + Aox

(1)

Essential oils from Salvia species (Salvia-EO) and astaxanthine (from Haematoccocus pluvialis)
were used as lipo-soluble antioxidants and their efficacy against lipoperoxides formation
was compared with that of two recognized lipophilic antioxidants, coenzyme Q10 (CoQ10)
and vitamin E. An efficacy index against lipoperoxidation was established: astaxanthine >
CoQ10 ≅ Salvia-EO > vitamin E.
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Hydro-alcoholic extracts of the same Salvia species (Salvia extract) were used as
antioxidants, and their efficacy was compared with that of known polyphenolic
antioxidants: rosmarinic acid, caffeic acid and gallic acid, an index of efficacy being drawn:
Caffeic acid > Rosmarinic acid > Salvia extract > Gallic acid.
It has to be stressed that when the substrate deposition is performed by solution casting, in
optimal conditions, from suspensions containing a known mass of lipoprotein but without a
controlled reproducibility of the deposition because of the unknown reproducibility of the
deposition process, consequently affecting the data reproducibility.
Considering all obtained results it was proven that these new types of electrochemical
sensors are applicable both to ROS assessment of and to assessment of antioxidant efficacy
against lipoperoxidation. In the same time, the antioxidant efficacy depends strictly even on
the nature of the antioxidant, the amount of antioxidant and on eventually occurring
synergetic or antagonic effects exerted by a mixture of antioxidants. This is the reason of
presenting further the development of biosensors devoted to a certain antioxidant class
identification and quantification.

4. How to design biosensors for antioxidants quantitative determination. A
case study- polyphenols antioxidants analysis
As mentioned in the introductory part, the majority of data published on antioxidant
determination is based on biosensors that use immobilized enzymes (Mello & Kubota, 2007).
In an overall acceptation of terms, biosensors are a sub-group of chemical sensors which
could be defined as self-contained devices able to supply specific information. The provided
analytical information is either quantitative or semi quantitative and is based on the use of a
biological recognition element, which is in direct and spatial contact with a transduction
element.
Several critical points have to be tackled when biosensors have to be developed:
a. the choice of the biological material and the choice of the transducer depend on the
sample properties and on the type of physical magnitude to be measured.
b. the type and the nature of the bio-recognition component determine the degree of
selectivity or specificity of the biosensor while the transducer correlates with biosensor
sensitivity.
A general overview on designing of such type of biosensors involves following steps:
Quantification and identification of the compound of interest; this step concerns providing
the appropriate bio-recognition element, able to supply accurate, sensitive, selective and
reproducible information concerning samples composition. Appropriate bio-recognition
elements are redox enzymes, the main advantage of using redox enzymes in amperometric
biosensor construction being the value of the potential applied to monitor reduction or
oxidation of the species at the electrode surface. This value generally occurs in -0.2V-0V
range and allows reaching a minimum of possible electrochemical interferences (Mello et al.,
2003)
Transduction, that supposes to transform the signal provided by the bio-recognition
element into a measurable one, that could be current intensity (or charge), specific
fluorescence and/or maximum absorbency.
Sensor performances assessments, that involves to provide the associate values of several
performance parameters. This means to set up parameters like: the domain of applicability,
selectivity/specificity, the linearity range of the sensor response, detection limit (LoD) and
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determination/quantitation limit (LoQ), accuracy of the determination, reproducibility, life
time, operational stability, storage stability, and validation of the biosensors sensors
response.
Validation of the built up biosensors, that means to validate the biosensors response with
respect to ”classic” methods of phytochemicals assessment.
4.1 Quantification and identification step; biological recognition element
immobilization
This step is dealing with appropriate choice of bio-recognition element.
Polyphenols are one of the most important classes of antioxidants, naturally antioxidants,
commonly occurring in fruits, vegetables and medicinal plants, and have been found to
have a protective role against many chronic human diseases associated with oxidative
stress. Polyphenols are divided in three large groups: phenolic acids (hydroxybenzoic acids
and hydroxycinnamic acids), flavonoids (anthocyanidins, flavonols, flavononas, flavonas,
isoflavonas and chalconas) and tannins (hydrolyzable tannins and condensed tannins)
(Escarpa & Gonzales, 2001). Due to the importance of this class of compounds, many
analytical strategies to evaluate the total phenolic content from plant extract and to establish
phenolic profile have been reported, biosensors based on enzymes being proposed as an
alternative device for total phenolic content (TPC) assessment. It has to be stressed that, in
many cases, it is more important to measure the total content of polyphenols compounds
than to determine each of them individually. The term ‘total phenol’ refers to all the phenols
that are responsible for the total antioxidant capacity of a specific sample.
Biosensors based on various polyphenol-oxidases immobilisation are versatile devices in
TPC assessment, due to class specificity. The main reaction consists in the oxidation of the
substrate (phenols; poly-phenols) in the presence of enzymes molecules (phenol oxidases)
the oxidation product – a quinone- being later reduced. While the tyrosinase biosensors are
restricted to the monitoring of phenolic compounds with at least one free otho-position
those based on laccase are applicable to a wider group of polyphenols, including ortho and
para substitution or conjugated phenols with other functional groups.
The immobilisation of biological recognition element is considered as one of the critical
steps that dictate the effectiveness of the enzymatic biosensor, due to the fact that biosensors
performances -in terms of quantification and identification- are ensured by the preservation
of the specific structure of the bio-component. For redox enzymes it is important that
subsequent immobilization the active site remains available and, more, that immobilization
did not affect the electron transfer from the enzyme active site and the electrode surface; this
electron transfer could be affected by the insulating effect exerted from the protein structure.
Data on laccase immobilization on different solid supports were reported. It has to be
underlined that the immobilization matrix has to be, if possible, chemically inert with
respect to biological element, stabile and with suitable conductive properties (there are cases
when the immobilization matrix is, in fact, a conductive polymer).
Following, we exemplify two procedures of laccase immobilization on the surface of screenprinted working electrodes that lead to successful construction of versatile biosensors for
polyphenols analysis. The first procedure is based on laccasse embedding in an
electrochemically generated chitosan matrix, the second one being based on Laccase
entrapment in a Nafion stabilizing membrane:
Laccase immobilisation on solid modified supports via chitosan matrix. It was envisaged the
immobilisation of Laccase on a stabilizing matrix deposed on the surface of a solid support;
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the chosen solid support was gold. Two types of embedding matrix were used: one
consisting only in chitosan (Chi), the other one involving the deposition of a composite
matrix of Chi and multi-wall carbon-nanotubes (MWCNT). Chi and MWCNT-Chi films
were electrodeposited on gold electrode surface using a -1.5 V controlled potential,
deposition time was 5 minutes. Optimum conditions for electrodeposition of MWCNT –Chi
film on a gold electrode were established taking into consideration the value of the layer
capacity. Laccase immobilization was carried out by entrapment into the Chi-MWCNT
nanocomposite film from multi-wall carbon nanotubes (MWCNT)-chitosan (Chi) solution
containing 25U/mL enzyme during electrodeposition process (Diaconu et al., 2010).
Laccase immobilisation on screen-printed electrodes via Nafion membrane. Biosensors
development was performed on the base of DROPSENS screen-printed electrochemical cell.
The screen printed (either gold AuSPE or carbon CSPE) working electrodes of a three
electrodes were modified by drop-casting from stock solution of 3 to 5µL of Lacccase
solutions of exactly known activity, allowed to quickly dry, than followed by the
immobilisation in Nafion membrane. It were used stock solutions of different Laccase
activities, in order to obtain different set of biosensors that has different specific activities on
the electrode surface, the units deposed ranging between 0.1U/electrode to 1 U/electrode.
The Nafion membrane was obtained from aqueous/alcoholic solutions, 0.1%, 0.3 % or 0.5%
perfluorinated Nafion. The cells were stored between measurements at 4°C (Litescu et al,
2010).
In order to check the efficiency of immobilisation the apparent Michaelis-Menten constant
has to be determined and compared with the value of Michaelis-Menten constant for free
enzyme; if the magnitude order is the same for both constants, then the immobilized
enzyme preserve the affinity toward substrate exhibited by the free enzyme. The
corresponding data related to performed immobilizations are presented further, in the
section devoted to biosensor performances assessment.
4.2 Biosensors performances assessment
The assessment of biosensors performances is related to several specific characteristics, like:
the domain of applicability, selectivity, the linearity range of the sensor response, detection
limit (LoD) and the quantitation limit (LoQ), accuracy of the determination, reproducibility,
life time, operational stability, storage stability (Thevenot et al., 2001).
When amperometric biosensors are developed the device performances evaluation is
performed in optimal measuring conditions for the monitored enzymatic reaction. This
means that first it is accomplished the electrochemical characterization of the product of the
enzymatic reaction (for reaction in solution) in order to ascribe the corresponding oxidation
and reduction potential peak values. It should be mentioned that the potential value differs
according to the used conductive material. This electrochemical characterization is achieved
by cyclic voltammetry (CV) experiments and it is important to be performed even for
substrate, because, by this way, it is possible to solve a critical point by ascertain, from the
very beginning, if substrate plays as electrochemical interferent in determination.
A suggestive example, related to laccase biosensor construction, in given in figure 4, where
are presented the cyclic voltammograms of caffeic acid (a polyphenolic substrate for laccase)
and that of the product of the enzymatic reaction.
After CV experiments it could be concluded which are the corresponding oxidation and
reduction potentials. In the case of the considered example (figure 4) caffeic acid has an
oxidation peak potential around +200 mV and a reduction one around 0 mV, while the
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quinone resulted from laccase catalyzed reaction has an oxidation peak potential around
+63 mV and the reduction one is around -180 mV. The amount of enzymatic reaction
product is direct proportional with the amount of substrate, in our case caffeic acid. As
evident from figure one at about -200 mV the whole amount of quinone produced in
enzymatic reaction is reduced. At this potential value, if the catalyst, namely the laccasse
enzyme, is not in sufficient amount, correctly is not sufficiently active to ensure the complete
substrate oxidation, then the substrate, caffeic acid, is able to electrochemically interfere in
chronoamperometric determination of polyphenols. As consequence, the used enzyme
amount, better activity is another critical point in biosensors development. By performing
the same tests for several possible substrates it was established the optimal working
potential, and further the performances characteristics for both constructive variants
presented above. The investigated substrates were the polyphenolic antioxidants used to
evaluate the LDL based sensors applicability to antioxidant efficacy assessment: caffeic acid,
rosmarinic acid, gallic acid and, in addition chlorogenic acid.

1

2

Caffeic acid

Corresponding “Caffeic Acid”
quinone enzymatic reaction

Fig. 4. Overlaid cyclic voltammograms of caffeic acid (1), respectively of caffeic acid in the
presence of 1U Laccase (2); experiments performed on Au bare electrode
Obtain performance characteristics are given in table 2 and 3.
Substrate
Caffeic acid
Chlorogenic acid
Gallic acid
Rosmarinic acid

Sensitivity
nA/μmolL-1
1446
1725
72.3
788.6

Linear range
molL-1

LoD
molL-1

KMapp
molL-1

10-6 –1.5x10-5
2x10-6 –1x10-5
2x10-6 –1x10-5
10-6 –1.5x10-5

7.7x10-7
1x10-6
1.5x10-6
4x10-7

2.52x10-5
2.41x10-5
1.2x10-5
1.1x10-5

Table 2. Performance assessment of Laccase-CHIT-MWCNT biosensor, buffer citrate-acetate
pH=4.50, applied potential –0.200 V vs Ag/AgCl
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Substrate
Caffeic acid
Chlorogenic acid
Gallic acid
Rosmarinic acid

Sensitivity
nA/μmolL-1
245.3
255.0
72.3
173.6

Linear range
molL-1

LoD
molL-1

KMapp
molL-1

3x 10-6 –1.5x10-5
2x10-6 –7x10-6
3x 10-6 –1.5x10-5
3x 10-6 –1.5x10-5

2.5x10-6
2.8x10-6
1.55x10-6
2.4x10-6

6.6x10-6
4.3x10-6
4.12x10-5
4.3x10-6

Table 3. Performance characteristics of laccase-Nafion based biosensor 1U/Au-SPE, pHĽ4.50,
applied potential _0.200V vs. Ag=AgCl
The apparent Michaelis constant was determined using Lineweaver-Burk method, the
obtained values proving that both devices could be applied to determination of the
polyphenolic secondary metabolites (as shown in tables 2 and 3).
After these assays, the next to be established is biosensors stability. The operational stability
of a biosensor response may vary depending on the sensor geometry, method of
preparation, the used receptor and transducer. For operational stability determination, it has
to be used a suitable analyte concentration (within dynamic range), the same type of
biosensor contact (continuous or sequential) with the analyte solution, the same measuring
parameters as temperature, pH, buffer composition, presence of organic solvents, and
sample matrix composition. Even if some biosensors have been reported usable in
laboratory conditions for more than one year, their practical lifetime is either unknown or
limited to days or weeks when they are incorporated into industrial processes.
For storage stability assessment, significant parameters are the state of storage (dry or wet),
the atmosphere composition, pH value, buffer composition, temperature and presence of
additives. Whilst it is easy to determine the laboratory worktable stability of biosensors
-either during storage and operational in the presence of analyte- the procedures for
assessing their behavior during several days when biosensors were introduced in industrial
reactors is very complex and difficult to handle. In both cases –lab or industrial set-ups-, it
should be specified if lifetime is a storage (shelf) or operational (use) lifetime, the storage,
respectively working conditions and specific substrate(s) concentration(s), as compared to
the apparent Michaelis-Menten constant.
In general, after a raw assessment of the performances characteristics for biosensors, as in
the above described protocols, several steps of biosensor optimization have to be performed,
in terms of:
1. the amount (the activity) of the immobilized bio-recognition element
2. biosensor operational and storage stability
These two approaches drive out, in fact, due to necessity of reaching a compromise between:
the amount of the immobilized units, the associated noise (because it is known that usually,
with protein amount increasing the noise increases too, due to partially insulation owed to
the protein itself) and the envisaged stability of the built up biosensors, both storage
stability and operational one (because, in certain limits, the increase of the active units of
enzyme on the working electrode generates a better stability).
1. re-evaluation of interferences, chemical and electrochemical interferences.
2. working electrode material, due to two main issues: the goal of diminishing of noise
and interferences, and last but not least the costs of the built up biosensors
Continuing with the examples of laccase immobilization, different amounts of laccase were
deposed on the working electrode surface and immobilized using Nafion membrane, the
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best responses, no matter the working electrode material, are obtained for an immobilized
Laccase activity of 300 mU (Litescu et al., 2010).
In a simplistic way, it could be said that the biosensors operational stability is evaluated by
repeated measurements performed using solutions of known concentration (within dynamic
response range) of a certain standard substrate, while storage stability is evaluated by
repeated measurements in time, at very well-established moments, in the same measuring
conditions as optimum defined, using solutions of known concentration of a certain
standard substrate.
The storage lifetime is defined as time necessary to decrease the biosensor sensitivity by a
factor of 10 % or 50 %. The operational stability could be assessed as reproducibility or
accuracy, and expressed as standard deviation of the measured signal for a certain number
of determinations.
Laccase-Nafion biosensor operational and storage stability were checked in the following
working conditions: MCIlvaine buffer pH = 4.50, 0.3 U Lacc/electrode (+0.1% Nafion),
rosmarinic acid concentration level 5 μmolL-1. The operational stability is fair up to 10
measurements, being very good for the first 7 measurements, with a RSD up to 4.00%, after
that, for the next 3 determinations the stability decreased.
Operational stability of the Lacc/Chi-CNT electrode was checked for a rosmarinic acid
concentration level of 5 μmolL-1, in MCIlvaine buffer, pH = 4.50. Ten consecutive
determinations gave a mean current of 890 nA with a relative standard deviation of 5.62 %.
After 15 measurements a 10% decrease of the registered current was observed.
Another parameter to be defined is the biosensor response selectivity, two methods being
generally used to determine biosensor selectivity. One method suppose the drawing of
calibration curves for each of the possible interfering substances from sample matrix using
the same measuring conditions as for the analyte determination and after that comparing
the slopes of the curves with the slope of the analyte calibration curve, the selectivity being
related to the ratio between slopes. Yet, for polyphenols analysis, considering the highsignificance of the concentration range for phytochemicals, another method is the most
important and has to be applied. This method consists in adding of the interfering substance
at the expected concentration in the measuring cell which already contains a usual
concentration of the analyte, the selectivity being expressed as the percentage of variation of
the biosensor response.
The reliability of biosensors for given samples depends both on their selectivity and their
reproducibility and it has to be determined under real operating conditions. This means that
in the presence of possible interfering substance, the biosensor response should be directly
related to the analyte concentration and should not vary with fluctuations of interfering
substances concentrations.
For the same example of Laccase-Nafion biosensor, since the applied potential, -0.030V
allows the avoidance of electrochemical interferences (is commonly accepted that the
window of potential free of electrochemical interferences is ranging between -100 mV and
+100 mV), the main problem that rest to be solved is that of chemical interferences.
Supposing that the biosensor has to be applied for determination of polyphenols from in
vitro cultivated plants, the main occurring interferences are those from growth media. Using
the second method of selectivity determination and taking into account that an inhibition of
9-10 % of the enzyme activity itself was noticed when the Laccase activity was checked
spectrophotometrically (against ABTS as unspecific substrate), it was concluded that no
interference is taking place despite of the lowering of biosensors response with 10%.
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4.3 Validation of the built up biosensors
Generally, when a new analytical method has to be validated, several principles should be
satisfied and characteristic values of a number of parameters should be provided; we are
mentioning as most important the following: method suitability to the analysis purpose,
method specificity, precision and accuracy, repeatability, linear domain of response, limit of
detection, limit of quantification, method traceability etc. Taking into account the peculiarity
of applying analytical methods based on biosensor measurements, when discussing of
validation for biosensor analysis the validation parameters addresses more the biosensor
response than the overall method.
Using the same example of the built up laccase biosensors, the validation of the biosensors
for phytochemical antioxidants analysis was supported by comparing the biosensor
response with the high performance liquid chromatography-diode array-mass spectrometry
(HPLC-DAD-MS) response obtained for the same samples, using the same measuring
procedures. An in-house obtained example of feasibility of polyphenol-oxidases based
biosensor application in polyphenols analysis is given in the table below and refers to two
types of Salvia callus, Salvia Maxima and Salvia verde. The results are expressed as total
rosmarinic acid equivalent, the main issue in validation step being precisely this one,
namely to clearly define which is the main component of the sample in order to report data
as main component equivalent.

Method used

Limit of Detection
(mol L-1)

Amount of polyphenolic
content, RAEC
(μg/ g fresh material)
S maxima

S verde

HPLC-DAD-MS

3.36 x10-7

103 μg/g

174 μg/g

Laccase – Nafion
Biosensor

4.2x10-7

97.8 μg/g

162.2 μg/g

Table 4. Determination of polyphenolic secondary metabolites as „total rosmarinic acid
equivalent” in two callus samples
When the biosensors responses, expressed again in equivalent of rosmarinic acid, were
compared with the response obtained by HPLC-DAD--MS for real samples of extracts of
Salvia officinalis and Mentha Piperita good results were obtained, the biosensor response is
about 94-95% from HPLC response (Litescu, 2010; Diaconu, 2011).

5. Conclusions
Application of sensors using lipoproteins in ROS determination is a feasible approach for
lipoperoxides and peroxyl radicals, ensuring a fair measure sensitivity and specificity, but
being strongly affected by the matrix complexity. In the same time such sensors are useful
bio-analytical tools in in vitro assessing of the antioxidants efficacy against
lipoperoxidation.
Based on reported data, comparing the results accuracy between biosensors based
determinations and LC–DAD–MS determinations it could be concluded that the versatility
of biosensors application in determination of phytochemical antioxidants content was
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proven by numerous publications, the critical point in ensuring a reliable result being the
choice of the most suitable biological recognition element and of a transduction mode able
to support the necessary measure sensitivity. Moreover, if biosensors designed for
superoxide anion radical or hydrogen peroxide determinations are introduced in measuring
solutions containing plant extracts, the antioxidants effects of phytochemicals could be
assessed by the mean of radical scavenging monitoring.
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1. Introduction
Intensive industrialisation and farming associated to domestic uses of a growing number of
chemicals have led to the release of many toxic compounds in the environment, causing an
important pollution of aquatic ecosystems. In Europe, the Water Framework Directive WFD
2000/60/EC lays down the monitoring of a large number of substances, the so-called
“priority substances”, with the objective of restoring a good chemical and ecological status
of all water bodies by 2015 (Allan et al., 2006). To implement effective monitoring and
treatment programs, complementary analytical methods are required:
low cost and high throughput screening methods for semi-quantitative determination
of families of compounds and/or prediction of their harmful biological effects (overall
toxicity, genotoxicity, estrogenicity),
conventional methods based on chromatographic separation techniques (LC/MS,
LC/MS/MS, GC/MS or ICP-MS), which are more time consuming, costful and require
trained operators. These methods do not provide informations on water toxicity but
allow the rescan of positive samples for more accurate analytes identification
(Rodriguez-Mozaz et al., 2007).
Biological techniques, such as bioassays and biosensors, constitute the first category of
methods. Many works in the past have been focused on the development of bioassays and
have led to the commercialization of bacterial bioassays and immunoassays (Allan et al.,
2006; Farre et al., 2005). In recent years, biosensors have received particular attention owing
to their high sensitivity, low cost and possible easy adaptation for on-line measurements
(Barcelo & Hansen, 2009).
A biosensor is an electronic device used to transform a biological interaction into an
electrical signal. This device is based on the direct spatial coupling of the immobilised
biologically active element, the so-called “bioreceptor”, with a transducer that acts as
detector and electronic amplifier. Different types of bioreceptors (enzymes, receptors,
antibodies, DNA or microorganisms) combined with electrochemical, optical or mechanical
transduction have been used for the elaboration of biosensors in view of water monitoring
applications (Badihi-Mossberg et al., 2007; Rogers, 2006). To answer to the ever increasing
requirements of water monitoring legislation, not only in terms of amount and reliability of
informations provided, but also in terms of rapidity of response, selectivity, sensitivity and
cost, tremendous efforts have been devoted in the last few years to improve the different
elements contributing to the overall response of the biosensors, i.e. bioreceptor, transducer
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and cell/transducer interface. All these aspects will be addressed in the present chapter.
New advances recorded in the field during the last five years will be more particularly
emphasized.

2. Transduction modes
2.1 Electrochemical transduction
Electrochemical sensors are classified according to their transduction mode, which may be
potentiometric, amperometric, conductimetric or impedimetric. In a general way,
electrochemical transducers measure the electron transfers occuring between electroactive
species (molecules or ions) present in a solution and an electrode, in well defined analytical
conditions (Grieshaber et al., 2008). Over the past 10 years, electrochemical transduction
technology has evolved significantly. Novel electrode materials such as boron doped
diamond (BDD) have emerged as possible alternative materials to conventional gold,
platinum or carbon (Luong et al., 2009). Owing to the recent advances in microfabrication
techniques, it is also now possible to prepare microelectrodes of various sizes and
geometries as well as to construct parallel arrays of microsensors on a same chip (Wei el al.,
2009). Such systems are powerful tools able to answer to most of the environmental
monitoring requirements such as rapidity of response, sensitivity, and parallel analysis of a
large number of parameters and/or samples. Moreover, the small size is useful for the
design of portable biosensors intended for on-field applications.
2.1.1 Potentiometric transduction
The two classical types of potentiometric transducers are ion selective electrodes (ISEs) and
semiconductor-based field-effect devices (FEDs). The inherent miniaturization of ISEs and
FEDs and their compatibility with advanced microfabrication technology make them very
attractive for the integration into sensing arrays and microfluidic platforms and thus, the
creation of miniaturized analytical systems suitable for environmental monitoring (Bakker
et al., 2008; Bratov et al., 2010).
ISEs involve ion exchange equilibria at the interface between the solution and a membrane
made of an ionic conducting material (inorganic solid electrolyte or organic liquid
membrane). The nature of the membrane depends on exchanged ions, special glasses being
typically used for H+, ionic solid for halide ions, polymers including specific ionophores for
other ions. Practically, potentiometric biosensors measure the difference of potential Ep
between the selective electrode on which the bioreceptor is immobilised and a reference
electrode when no significant current flows between them. Ep can be expressed by Nernst
equation:
Ep = E0 + RT/nF ln aAn+

(1)

ion
where is the selective electrode constant, aAn+ is the activity of
Significant efforts have been made during the past decade to improve the robustness of
conventional ISEs, widen the range of ions detected and miniaturize the electrodes (Bakker
et al, 2008; Tymecki et al., 2006).
FEDs belong to the second class of potentiometric transducers and include ion-sensitive
field-effect transistors (ISFETs) and light-addressable potentiometric sensors (LAPSs). At
present, only ISFET sensors measuring H+ ions are commercially available. By deposition of
enzymes or bacteria, it is possible to monitor enzymatic and metabolic reactions generating
E0

An+
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H+. LAPS devices are also extensively used to monitor cellular acidification in response to
pollutants. Several recent reviews document the main features of these devices and their
application to biosensing (C.-S. Lee et al., 2009; Schoening & Poghossian, 2006; Poghossian et
al., 2009).
2.1.2 Conductometric transduction
Conductometric biosensors rely on the direct measurement of conductance variations in
electrolytic media containing mobile electric charges. For that, an alternating voltage is
applied between the working electrode, on which the bioreceptor is immobilised, and a
reference electrode. The frequency value is chosen in order to minimize polarization effects.
The conductance can be expressed by the following equation:
G=γ

S
l

(2)

where γ (S. cm-1) is the specific conductance or conductivity, characteristics of the medium;
S (cm2) is the working electrode surface; l (cm) is the distance between the electrodes.
Recent advances in the field have led to the production of miniaturized interdigitated
electrodes that have been used to the elaboration of enzyme-based and cell-based biosensors
for water monitoring (Hnaien et al., 2011; Jaffrezic-Renault & Dzyadevych, 2008). Enzymatic
reactions between the pollutant and the bioreceptor induce a local change of conductivity
due to the production of charged species.
2.1.3 Impedimetric transduction
Impedimetric transduction measures charge transfer processes occurring at
electrode/electrolyte interfaces. Practically, measurement is performed using three
electrodes, a working electrode modified by the bioreceptor, a reference electrode and an
auxiliary electrode. A small amplitude sinusoidal voltage is imposed between reference and
working electrodes and the resulting current generated between working and counter
electrodes is measured. The applied voltage over measured current intensity ratio defines
the impedance of the electrochemical system. Impedimetric data can be modelled by an
equivalent electrical circuit from which electrical parameters that define charge transfer
processes can be deduced (Katz & Willner, 2003). Impedimetric transduction is particularly
well-suited to investigate reactions based on molecular affinity such as antigen-antibody or
receptor-target interactions. Cell adhesion to the electrode surface is also expected to
increase impedance value due to the insulative properties of the cell membrane. In the
presence of cytotoxicants, morphological changes or functional alterations, and even death
of the cells are also observed, inducing impedance variations. Therefore, these properties
have been extensively exploited for water pollutants biosensing and toxicity assessment
using electrodes modified with antibodies, receptors or cells.
2.1.4 Optical transduction
Optical transducers measure the effect of biological entities used as bioreceptors on light
absorption, fluorescence, luminescence, refractive index or other optical parameters. In
general, two different protocols can be implemented in optical biosensing. The first one
requires a prelimary functionalisation of the bioreceptor or the target analyte with an
optically active tag (labeling). Although this process produces highly sensitive biosensors, it
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is time-consuming and may interfere with the function of a biomolecule. In contrast, in the
second protocole, target molecules are not labeled or altered, and are detected in their
natural forms. This type of detection is relatively easy and cheap to perform (Fan et al.,
2008). The most recent innovations in optical transduction applied to environmental
biosensing are related to the development of new solid-state devices, microarrays and
microfluidic systems for continouous monitoring (Ligler et al., 2009)
2.1.4.1 Optical fibre sensors
An optical fibre is a waveguide that classically consists of a silica core (optical index: n1)
surrounded with a cladding of index n2, slightly lower than n1. The fiber is placed in a
medium of index n0. The light-guiding conditions are defined by:
n02 sin2θ0 = n12 – n22

(3)

where θ0 represents the numerical aperture of the fibre or the limit injection angle of the
incident beam.
Fibre optical biosensors are all of extrinsic type. In some of them, called punctual biosensors,
the physical or chemical effect is measured at the tip of the fibre on which the bioreceptor is
deposited. The biosensor operates in reflection mode. In the so-called continuous biosensors,
measurements are performed on a well defined length of the fibre. Cladding is removed in
this zone and the bioreceptor layer is directly deposited on the core. This system can operate
in reflection or in transmission modes. Bioreceptors are generally immobilised by
adsorption or covalent attachment to a membrane, or recovered by a semi-permeable
membrane. The most conventional fibre biosensors are based on absorption, fluorescence or
luminescence detection (Goure & Blum, 2009). Others exploit the physical properties of the
evanescent wave corresponding to the light power lost at the core-cladding interface. These
biosensors, for which a stripping of the fibre is required, are more fragile than the massive
optical systems based on the same principles and described in the following sections.
2.1.4.2 Mach-Zender interferometers
This type of sensor relies on the perturbation of the light propagating in one arm of an
optical waveguide. In a typical Mach-Zehnder interferometer configuration, the light guide
is divided into two branches via a Y-junction. A branch, functionalised with the biosensing
element, is used as the sensitive arm, while the other is the reference branch (Fig. 1). The two
branches recombine at the output, resulting in interference, and a photodetector measures
the intensity. A change in the refractive index at the surface of the functionalised arm results
in an optical phase change and a subsequent variation in the light intensity measured at the
photodetector. This latter is proportional to cos (Δn2koL), where Δn2 represents the refractive
index change, ko the amplitude of the wave vector and L the length of the sensitive region.
These structures are made in glass or silicon and may be easily integrated into lab on chip
laboratories (Sepulveda et al., 2006).
2.1.4.3 Surface plasmon resonance (SPR) sensors
These sensors are based on the physical principle of surface plasmon resonance (Hoa et al.,
2007). The bioreceptor is deposited on a metal surface covering a glass support attached to
the base of a prism (Kretschmann configuration). Interaction between the target and
biorecognition molecules can be investigated in real time, with high precision and
sensitivity, without specific labelling, through the measurement of the variations of
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Fig. 1. Design of a Mach-Zehnder interferometer
refractive index near the interface. These sensors have been extensively used for the study of
affinity interactions (eg antigen-antibody). SPRi systems allowing real-time and simultaeous
imaging of several spots functionalised with different affinity systems are currently in full
expansion (Scarano et al., 2010).
2.1.4.4 Optical waveguide light mode spectroscopy (OWLS)
This is a new detection technique based on evanescent field for in situ and label free
investigation of surface processes at molecular level. It is based on accurate measurement of
the resonance angle of a linearly polarized laser light, diffracted by a grating and coupled in
a thin layer of the waveguide. Resonance coupling occurs at a specific angle characteristic of
the refractive index of the medium covering the waveguide surface. The light is guided by
total internal reflection on the edges where the detection is performed via photodiodes. By
varying the light incidence angle, a spectrum is obtained, which allows the calculation of
effective indices for both the electric and magnetic fields (Luppa et al., 2001).
2.1.4.5 Total internal reflection fluorescence (TIRF)
This technique has been used with planar waveguides and optical fibres as optical
transducers in many biosensors. The light propagates along the waveguide, generating an
evanescent wave on the surface of the optically denser part of the waveguide (quartz) as
well as in the adjacent less dense medium (aqueous medium). The evanescent wave
amplitude decreases exponentially with distance in the lower refractive index medium. The
fluorescence of a fluorophore excited by the evanescent field can then be detected. Only
fluorophores bound to the surface are excited. Real time kinetics of interaction of
bioanalytes with molecules immobilised on the surface of the waveguide can be measured
using TIRF. This is a rapid, nondestructive and sensitive technique used for the
development of automated detection systems for environment monitoring (Tschemelak et
al., 2005).
2.1.5 Mechanical transduction
Various mechanical methods have been used as detection in biosensors. These transducers
have become increasingly popular over the years.
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2.1.5.1 Transducers based on piezoelectric effect
A quartz crystal, to which a sinusoidal electric field is imposed, undergoes mechanical
deformation due to the electrical potential appearing at its surface (piezoelectric effect). The
crystal oscillates at its resonance frequency that depends on its structure (orientation,
thickness…). Any change in mass (Δm) occuring at the crystal surface causes a proportional
decrease in its resonance frequency (ΔF). This linear relationship is expressed quantitatively
by the Sauerbrey equation:

ΔF =−

2F02

μQ .ρQ

.

Δm
A

(4)

where Fo is fundamental frequency; A the geometric surface; μQ the shearing mode; ρQ the
density of piezoelectric crystal
The Sauerbrey equation applies only for thin and rigid layers, excluding viscoelastic films,
e.g. polymer or polyelectrolyte films. The most common transducer based on piezoelectric
effect is the quartz crystal microbalance (QCM).
2.1.5.2 BioMEMS
BioMEMS (Bio-Micro-Electro-Mechanical-Systems) are mechanical systems of nanometer
size that allow the translation of biomolecular interactions into mechanical data originating
from the deflection of a cantilever. A biomembrane, attached to a silicon platform,
constitutes the sensitive part of the device. This membrane, functionalised with specific
molecules of interest (probes), vibrates in its fundamental mode by means of a piezoelectric
patch. When the biomembrane is in contact with an aqueous solution containing species to
be detected (target), the molecules are captured by the probe and membrane mass increases.
By detecting the vibrations of this biomembrane, it is possible to measure the resonance
frequency variations and thus estimate the quantity of biomolecules present in the solution.
BioMEMS offer many advantages including rapidity, high sensitivity, low signal-to-noise
ratio, ability for real time monitoring and possible integration of a large number of sensors
on a small area (Hassen & Thundat, 2005).
2.1.6 Bioreceptor immobilisation
Immobilisation of the active biosensing element (enzymes, antibodies, cells ...) onto the
transducer surface is a key point in the development of a biosensor. Apart from preserving
the functionality of the biomaterial, the immobilisation method must ensure the accessibility
of the cells towards target analytes as well as a close proximity between the bioreceptor and
the transducer. The selection of an appropriate immobilisation method depends on the
nature of the biological element and of the transducer, the physico-chemical properties of
the analyte and the operating conditions of the biosensor. Several methods have been
proposed in the literature, including chemical and physical methods (Fig. 2) (D’Souza, 2001).
Physical methods include adsorption, retention into a membrane or entrapment within a
polymeric network. Adsorption is based on the establishment of low energy interactions
between the functional groups of the bioreceptor and of the substrate surface. This type of
immobilisation offers the advantage of preserving bioreceptor properties but results in the
formation of weak bondings that favours its desorption. To avoid leakage processes,
biological elements can be covered by a thin polymer membrane that allows diffusion of the
target molecule or entraped in a chemical or biological polymeric matrix. Sol-gel silica or
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Fig. 2. The different methods for bioreceptor immobilisation
hydrogels are typically used for that purpose. These polymers can efficiently protect the
bioreceptor from external aggressions but may form a diffusion barrier that restricts the
accessibility to the substrate and/or decrease light and electronic transfers to the transducer.
The swelling properties of hydrogels may also limit their practical application in some cases.
In chemical methods, biosensing elements may be attached directly to the transducer
through covalent bindings or to an inert and biocompatible matrix through cross-linking
using a bi-functional reagent. Proteinic supports, e.g. bovine serum albumin or gelatine are
typically used to constitute the network with glutaraldehyde (GA) as cross-linking agent.
This second technique is primarily used to attach enzymes or antibodies to the transducer,
less often to immobilize microorganisms. Indeed, cross-linking involves the formation of
covalent bindings between the functional groups located on the outer membrane of cells and
GA. This mode of immobilisation is consequently not suited when cell viability is absolutely
required or enzymes involved in the detection are expressed at the cell surface. Finally,
covalent grafting is based on the reaction between functional groups of the biological
element and previously activated groups of the transducer. Functional groups of the
bioreceptor are typically ε-amines of lysine, carboxyl groups of aspartate or glutamate,
sulfhydryl groups of cysteine and hydroxyphenolic groups of tyrosine, which belong to the
side chains of aminoacids in proteins (enzymes, antibodies or external cellular proteins). To
ensure the formation of covalent bondings with the transducer, this latter has to be
functionalised first. Metal surfaces such as gold and silver can be functionalised with amine,
hydroxyl or carboxyl groups through reaction with aminoalkanethiols, hydroxyalcanethiols
and carboxyalcanethiols, respectively. Oxide surfaces are functionalised with organosilanes.
More recently, metal electrodes on which films of functionalised conducting polymer
(polypyrrole, polythiophene, polyaniline) are deposited electrochemically, have been used
to immobilise active biomolecules through covalent bonding formation (Teles & Fouseca,
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2008). In recent years, particular attention has been also paid to the use of nanomaterials,
typically gold nanoparticles, magnetic beads, carbon nanotubes (CNTs) or quantum dots
(QDs) for the elaboration of biosensors (Xu et al., 2006; X. Zhang et al., 2009). Their
particular chemical and physical properties make them very attractive to improve
bioreceptor stability as well as biosensor sensitivity.
2.2 Application to the determination of specific (groups of) pollutants
2.2.1 Enzyme-based biosensors
A large number of enzymes has been used in the construction of water pollution biosensors.
They may be classified into different families corresponding to the type of reaction they
catalyze, typically oxidation, reduction and hydrolysis. The enzyme is immobilised on a
transducer that detects the consumption of a co-factor, e.g. oxygen in the case of oxidase
enzymes, or the appearance of a product following enzymatic reaction. Hydrolase enzymes
are generally associated with optical fibres, potentiometric or conductometric transducers to
detect local changes in pH or in conductivity. For their part, reductase or oxidase enzymes
are generally immobilised on an amperometric or conductometric transducer to record
electronic transfers towards the electrode. These electronic transfers may be promoted by
the use of redox mediators that allow the application of lower potentials and limit
interferences from other electroactive species.
Tyrosinase is a copper monooxygenase that catalyzes the hydroxylation of monophenols
and the oxidation of diphenols into reactive quinones. This reaction has been extensively
exploited for the determination of phenolic compounds using tyrosinase-based
amperometric and optical biosensors. In electrochemical systems, substances produced by
the reduction of quinones at the electrode can be detected at a low potential value, in the
absence of mediator. Various electrode materials, such as gold (S. Wang et al; 2010),
platinum (Yildiz et al., 2007), carbon paste (De Albuquerque et Ferreira, 2007; Mita et al.,
2007), glassy carbon (Carralero et al., 2006; J. Chen & Jin, 2010; Hervas Perez et al., 2006;
Kochana et al., 2008; Kong et al., 2009; Y.-J. Lee et al., 2007; S. Wang et al., 2008; L. Wang et
al., 2010) or BDD (Notsu et al., 2002; Zhao et al., 2009, Zhou & Zhi, 2006) have been used for
that purpose. Very recently, Yuan et al. (Yuan et al., 2011) developed an amperometric
biosensor using a carbon fiber paper (CFP) electrode. This biosensor exhibited short
response times (10-20s) and very high sensitivities to phenolic compounds such as catechol,
phenol, bisphenolA and 3-aminophenol, corresponding detection limits being 2, 5, 5 and 12
nM, respectively. A seen in Table 1, these values are much better than other figures reported
in the literature and are 4 to 10 times lower than the values obtained in the same
experimental conditions, by the same authors, using a commercial screen-printed carbon
electrode (SCPE). In this work, tyrosinase was immobilised in photoreticulated
polyvinylalcohool (PVA-SbQ) matrix. Many other modes of immobilisation have been
proposed to stabilize tyrosinase on the transducer including, among others, entrapment into
titania sol-gel (Kochana et al, 2008), polyacrylamide microgel (Hervas Perez et al., 2006),
Fe3O4- or multi-walled carbon nanotubes (MWNT)-chitosane composites (Kong et al., 2009;
Wang et al., 2008), MWNT-epoxy resin (Perez-Lopez et al., 2007), physical adsorption on
ZnO nanorods (Zhao et al., 2009), or covalent binding (Zhou et al., 2006; Wang et al., 2010).
Optical tyrosinase-based biosensors have been also reported (Abdullah et al., 2006; Jang et
al., 2010). Table 1 presents some recent biosensors based on tyrosinase enzyme, with the
type of transducer and immobilisation used, as well as the detection limits obtained for
typical phenolic contaminants.
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Pollutant

Enzyme

Transduction

Phenolic compounds
17β-estradiol

tyrosinase

Bisphenol A

tyrosinase

2,4-dichlorophenol
Catechol

tyrosinase

Phenol

tyrosinase

tyrosinase

4-chlorophenol tyrosinase

Detection
limit
(µM)

Amperometry
BDD electrode
Amperometry
BDD electrode
CP electrode/SWCNT
Carbon fiber paper/PVA
Amperometry
GC electrode/MWNT+chitosane
Amperometry
GC electrode/MWNT/TiO2/Nafion
MWNT/epoxy resin
GC electrode/MWNT/TiO2/Nafion
GC electrode/Fe3O4/chitosane
GC/Teflon/Au nanoparticles
GC/polyacrylamide microgel
Pt electrode/EDP
GC electrode/ TiO2
CP electrode/ CoPc

0.25

GrC-acethylcellulose/ CoPc

0.45

Carbon fiber paper/PVA
SPCE/PVA
Optical
Glass/SiO2/Nafion
Amperometry
GC electrode/MWNT/TiO2/Nafion
Functionalised Au electrode
GC electrode/palygorskite
Functionnalised BDD electrode
GC/polyacrylamide microgel
Pt/EDP
GC electrode/ TiO2
BDD electrode/ZnO nanorods
Carbon fiber paper/PVA
SPCE/PVA
Optical
Glass microarray/PEG-DA/QD
Glass/SiO2/Nafion
Amperometric
GC electrode/MWNT/TiO2/Nafion
GCelectrode+Teflon+Au nanoparticles
Functionnalized BDD electrode
GC/polyacrylamide microgel
GC electrode/ TiO2
BDD electrode/ZnO nanorods

0.002
20

10

Reference

Notsu et al., 2002

1
0.02
0.005

Notsu et al.
Mita et al.
Yuan et al.

0.06

Kong et al., 2011

0.087
10
0.09
0.025
0.003
0.3
0.01
0.09

Y.-J. Lee et al., 2007
Perez-Lopez et al., 2007
Kochana et al., 2008
Sang et al., 2008
Carralero et al., 2006
Hervas Perez et al., 2006
Yildiz et al., 2007
Kochana et al., 2008
De Albuquerque
et al., 2007
De Albuquerque
et al., 2007
Yuan et al., 2011
Yuan et al., 2011

2.1
0.095
0.1
0.05
0.2
1.4
0.1
0.13
0.5
0.005
20

Abdullah et al., 2006
Y.-J. Lee et al., 2007
L. Wang et al., 2010
J. Chen & Jin, 2010
Zhou et al., 2006
Hervas Perez et al., 2006
Yildiz et al., 2007
Kochana et al., 2008
Zhao et al., 2009
Yuan et al., 2011
Yuan et al., 2011

1
1.9

Jang et al., 2010
Abdullah et al., 2006

0.11
0.02
0.1
0.03
0.17
0.4

Y.-J. Lee et al., 2007
Carralero et al., 2006
Zhou et al., 2006
Hervas Perez et al., 2006
Kochana et al., 2008
J. Zhao et al., 2009
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Enzyme

Transduction

Trophic pollutants
Nitrates

Nitrites

Phosphates

Amperometry
Pt electrode/Ppy
Conductometry
Au electrode /GA /Nafion
Amperometry
Nitrite
reductase
GC electrode/[ZrCr-AQS]LDH/GA
GC electrode/modified MV
Conductometric
Au electrode /Nafion
Conductometric
Maltose
phosphorylase Au electrode /GA
Amperometry
Pyruvate
oxidase
Pt electrode/Nafion/PCS hydrogel
SPC electrode/acetate cellulose
Protéinase K + Conductometric
pronase
Nitrate
reductase

Organic
Matter
(proteic fraction)
Organophosphorous pesticides
Dichlorvos

tyrosinase
(inhibition)

methyl
parathion

OPH

demeton-S

OPH

paraoxon

OPH

Amperometric
GC electrode/NQ/Nafion
GC electrode/NQ/o-PPD
GC electrode/Nafion
Amperometric
GC electrode/ MWCNT/Au/QD
GC electrode/ MWCNT
Amperometric
CSP electrode/MWCNT
Amperometric
GC electrode/ MWCNT
GC electrode/mesoporous C/C
black
Piezzoelectric
Microcantilever/LbL
SPR
Au/SiO2
OWLS
Glass/TiO2 array
PMMA/sol gel

Detection
limit (µM)

Reference

10

Sohail et al., 2009

5

Xuejiang et al., 2006

0.004

H. Chen et al., 2007

0.06

Quan et al., 2010

0.05

Z. Zhang et al., 2009

1

Z. Zhang et al., 2008

3.6
<300
0.583
µg/L
for TOC

Gilbert et al., 2010
Khadro et al., 2009

0.17
0.19
0.07

Vidal et al., 2008

0.004
0.8

Du et al., 2010
Deo et al., 2005

1

Joshi et al., 2006

0.15
0.12

Deo et al., 2005
J.H. Lee et al., 2010

0.1

Karnati et al., 2007

20

Luckarift et al., 2007

2.5
0.004

Ramanathan
et al., 2007
Zourob et al., 2007

AQS: anthraquinone sulfonate, BDD: boron doped diamond, CoPc: cobalt phtalocyanine, CP: carbon
paste, CSP: carbon screen-printed, EDP: electrodeposition polymer, GA: glutaraldehyde, GC: glassy
carbon, GrC: graphite carbon, Ppy: polypyrolle, LbL: layer by layer, LDH: Layered double hydroxide ,
MV: methylviologen, MWCNT: multi-walled carbon nanotubes,NQ: naphthoquinone, PCS:
poly(carbamoyl) sulfonate , PVA: polyvinylalcohol, QD: quantum dot, SPC: screen-printed carbon,
SWCNT: single-walled carbon nanotubes.

Table 1. Examples of enzymatic biosensors for the detection of chimical pollutants.
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Another enzyme, organophosphate hydrolase (OPH), has been also commonly used for the
development of electrochemical, optical and mechanical biosensors for organophosphorous
pesticides detection, while nitrate reductase, nitrite reductase, maltose phosphorylase,
pyruvate oxidase have been employed for the determination of trophic pollutants such as
nitrates, nitrites or phosphates (Table 1).
2.2.2 Immunosensors
Immunosensors are based on highly selective antibody (Ab) - antigen (Ag) reactions. The
immobilized sensing element can be either an Ab or an Ag which can be chemically modified
(hapten). In the first case, analyte binding is measured directly. In the second case, the method
is based on the competition between immobilized Ag, the analyte (Ag) and a fixed amount of
Ab. All types of immunosensors can either be run as nonlabeled or labeled immunosensors.
Label free immunosensors rely on the direct detection of antigen-antibody complex formation
by measuring variations in electrical properties using electrochemical impedance spectroscopy
(EIS), or changes in optical properties using SPR. The second type of immunosensors use
signal-generating labels which allow more sensitive and versatile detection modes. Peroxidase,
glucose oxidase, alkaline phosphatase, catalase enzymes and electroactive compounds such as
ferrocene are the most common labels used for electrochemical detection, while fluorescent
labels (rhodamine, fluorescein, Cy5, etc…) are employed for optical detection. Some recent
examples are presented in Table 2. Over the two past decades, a large number of
immunosensors targeting individual pollutants or groups of pollutants and based on these
different configurations have been reported. Recent developments have been focused on label
free immunosensors using EIS and SPR detection (Mitchell, 2010; Prodromidis, 2010) as well as
on improvements in antibody design (Conry et al., 2009).
2.2.3 Cell-based biosensors
Many works have been focused on the development of cell-based biosensors. Bacteria, algae
and yeasts are the main organisms used for that purpose. Various types of strains have been
exploited, from commercial and well-characterized cells harbouring a broad range of
substrates to genetically-engineered organisms specially constructed to detect specific
molecules or groups of molecules, passing through environmental cells isolated from
polluted sites offering higher robustness and more specific enzymatic properties. Cell
membranes can be permeabilized in order to improve accessibility to internal enzymes.
Compared to their individual components (enzymes, antibodies or DNA), cells are easier to
produce in large quantities and are more tolerant to pH, ionic strength and temperature
variations. Owing to the large number of enzymes and cofactors that the cells contain, a
large variety of biosensors has been proposed for the detection of specific (groups of)
analytes or for aquatic toxicity assessment, this latter application being addressed in section
2.3. Several reviews have been published on the topics (Lei et al., 2006), some of them being
more specifically dedicated to yeast-based sensors (Baronian et al., 2004), geneticallymodified bacteria sensors (Daunert et al., 2000; Girotti et al., 2008; Hansen & Sorensen, 2001;
Van der Meer & Belkin, 2010; Woutersen et al., 2010), or electrochemical cell biosensors
(Lagarde & Jaffrezic-Renault, 2011).
2.2.3.1 Electrochemical biosensors
Amperometry is the most common electrochemical transduction mode used in whole cell
biosensors. It allows detecting oxygen consumption or production during respiration/
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photosynthesis processes, consumption or production of specific compounds in course of
analyte metabolisation, or induction of a specific enzyme activity by genetically modified
microorganisms (Lagarde & Jaffrezic-Renault, 2011). Different microbial strains exhibiting a
wide range of substrates have been used for the determination of biological demand of
oxygen (BOD), an index of the amount of degradable organic compounds present in the
sample (Nakamura, 2010; Ponomareva et al., 2011). Oxygen consumption during biological
respiration is generally detected by means of conventional Clark type electrodes, but
miniaturized systems based on small-size carbon screen-printed electrodes (SPEs) have been
also proposed in recent years. In the same way, biosensors able to detect surfactants,
phenolic derivatives, alcohols or organophosphorous pesticides have been constructed by
immobilizing bacteria degrading specifically these groups of pollutants on classical oxygen,
Pollutant

Detection mode

Transduction

Detection
limit (ng L-1)

Reference

Pesticides
Isoproturon

Competitive/ Cy5.5
fluorescence labelling

Chlorpyrifos

20

Tschmelak et al.,2005

Competitive/no labelling SPR

55

Mauriz et al., 2006

DDT and derivated
products

Competitive/no labelling SPR

15

Mauriz et al., 2007

Atrazine

Direct

EIS

10

Hleli et al., 2006

Competitive/ Cy5.5
fluorescence labelling

TIRF

10

Tschmelak et al. 2005

Competitive

SPR

500

Farre et al., 2007

<1

L. Chen et al., 2010

Picloram

TIRF

Competitive HRP labelling Amperometric

EDCs
Testosterone

Competitive/labelling

1.7

Tschmelak et al. 2006

Competitive/no labelling Amperometric

TIRF

170

Eguilaz et al., 2010

Estradiol

Competitive

SPR

300

Ou et al., 2009

Bisphenol A

Direct

EIS

400

Rahman et al., 2007

Competitive/labelling

TIRF

Nonylphenols

Direct/HRP labelling

Amperometric

2,4-dichlorophenoxyacetic acid

Competitive/Cy5.5
fluorescence labelling

TIRF

Competitive/no labelling SPR

8
10000

Marchesini et al., 2005:
Tschmelak et al., 2005
Evtugyn et al., 2006

90

Long et al., 2008

100

Kim et al., 2007

Competitive
(signal amplification)

SPR

8

Kim et al., 2007

Competitive/Cy5.5
fluorescence labelling

TIRF

30

Long et al., 2008

Toxins
Microcystin-LR

Table 2. Examples of immunologic biosensors for the detection of chemical pollutants.
EDC: endocrine disrupting compound
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graphite carbon or carbon paste electrodes, more recently on SPEs (Lagarde & JaffrezicRenault, 2011). Table 3 presents the most recent examples of electrochemical biosensors
developed for BOD measurement and for the determination of specific (groups of) analytes.
To modify cell resistance and sensitivity towards toxic compounds, microorganisms may be
genetically modified. Buonasera et al. recently combined on a single biosensing platform
amperometric and optical modes of transduction as well as several genetically modified
algal strains harbouring various degrees of sensitivity and resistance towards pesticides.
The system allowed detecting different subclasses of pesticides in the 0.1 to 10 nM range
(Buonasera et al., 2010). To enhance selectivity, genetical modification of the cells is also
possible by fusing a natural regulatory circuit existing in the microorganism with a
promotorless gene encoding for an easily measurable protein expressed only when the
analyte(s) is present. The most common gene used for electrochemical detection is lacZ
encoding β-galactosidase Activation of β-galactosidase is generally followed through the
increase of its enzymatic activity using p-aminophenyl β-D-galactopyranoside (PAPG) as
substrate. PAPG is transformed into p-aminophenol oxidized at the amperometric electrode.
Tag et al. (Tag et al., 2007) proposed another method of detection using lactose as deputy
substrate.
Potentiometric and conductometric biosensors have been also developed for the
determination of specific pollutants. For example, a biosensor based on P. aeruginosa JI104
immobilized on a chloride ions-selective solid-state electrode has been reported for
trichloroethylene detection in waters. More recently, Hnaien et al. (Hnaien et al., 2011)
proposed a fast, sensitive and miniaturized whole cell conductometric biosensor for the
determination of the same pollutant. The biosensor assembly was prepared by immobilizing
P. putida F1 bacteria at the surface of gold microelectrodes through a three dimensional
alkanethiol self-assembly monolayer/arbon nanotubes architecture functionalised with
Pseudomonas antibodies. pH electrodes have also been widely used to detect H+ ions
produced through enzymatic reactions (Kumar et al., 2008).
2.2.3.2 Optical biosensors
Optical biosensors rely on the modulation of cell optical properties (UV-Visible absorption
and biochemiluminescence, reflectance, fluorescence) following interaction with compounds
present in the sample. Most of the optical biosensors proposed are based on
bioluminescence or fluorescence detection. The so-called “light-off” systems measure a
decrease in the celullar light emission following exposure to the pollutant(s). They are
mainly used for water toxicity assessment (§2.3.5). The detection of specific analytes or
groups of analytes is rather performed using “light-on” type biosensors, where the
interaction causes an increase of light signal proportional to the analyte concentration.
“Light-on” microorganisms are produced naturally or via genetic engineering. The most
frequently used genes are lux gene encoding for luminescent luciferase and gfp gene
encoding for fluorescent GFP (green fluorescent protein). A variety of well-characterized
promoters is available for genetic manipulations and has been used to construct new
organisms able to sense specifically different classes of pollutants, including metals (copper,
mercury, lead, cadmium, arsenic ...), hydrocarbons and organic solvants or pesticides. Many
examples have been reported in the literature (Daunert et al., 2000; Lei et al., 2006).
Naturally emitting bacteria have been also used for BOD determination (Lin et al., 2006;
Sakaguchi et al., 2007).
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Target

Transduction

Detection
limit

Saccharomyces cerevisiae

Amperometry

6.6 mg L-1 Nakamura et al., 2010

Microbial consortium
(BODSEED)

Amperometry

< 5 mg L-1

Escherichia coli DH5α

Potentiometry

1mg L-1

Chiappini et al., 2010

Photobacterium phosphoreum
IFO 13896

Luminescence

1mg L-1

Sakaguchi et al., 2007

Optical fibre

0.2 mg L-1

Microorganism

Reference

BOD

B. licheniformis, D. maris,
M. marinus

L. Liu et al., 2010

Lin et al., 2006

Phenolic compounds
Phenol

Pseudomonas putida
DSM 50026

Amperometry

500 µM

Timur et al.

p-nitrophenol

Pseudomonas sp.

Amperometry

< 10 µM

Timur et al.

Organophosphorous pesticides
Paraoxon, parathion Modified P. putida JS444

Amperometry

Fenithron, EPN

0.001 µM

Lei et al., 2005

0.005 µM

Lei et al., 2007

0.1 µM

Tag et al., 2007

Heavy metals
Cu

S. cerevisiae
19.3C/ CUP1::lacZ

Amperometry

S. cerevisiae SEY6210/
CUP1::lacZ

33 µM

Endocrine disrupting compounds
S. cerevisiae
Y190 medER ::lacZ

Amperometry

-

P. aeruginosa MTCC 647

Potentiometry

100 µM

Kumar et al., 2008
Lanyon et al., 2006

Ino et al., 2009

Antibiotics
Cephalosporins
Organic solvants
Benzene

P.putida L2

Amperometry

10 µM

Trichlorethylene

P. aeruginosa JI104

Potentiometry

0.22 µM

Han et al., 2002

Conductometry

0.07 µM

Hnaien et al., 2011

P. putida F1

Table 3. Some recent examples of cell based biosensors for the detection of specific (groups of)
pollutants
2.3 Application of biosensors to the assessment of aquatic toxicity
Most of biosensors developed for toxicity assessment exploit toxic effects of the pollutants,
including enzyme inhibition, such as AchE inhibition by neurotoxic compounds, interaction
with a specific receptor (androgenicity, estrogenicity), interaction with and damage of DNA
or RNA (genotoxicity). The detection of some biomarkers of toxicity may be also used.
2.3.1 Enzyme biosensors
A major contribution of enzyme biosensors to ecotoxicological studies concerns aquatic
neurotoxicity assessment. This latter may be due to organophosphate and carbamate
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pesticides, heavy metals or detergents that inhibit esterase enzymes. Neurotoxicity
biosensors proposed in the literature are mostly based on two enzymes belonging to this
family, acethylcholinesterase (AchE) and butylcholinesterase. Many works and two reviews
have been published on this type of biosensor (Jaffrezic-Renault, 2001; S. Liu et al., 2008).
Current developments aim to improve enzymatic activity, either by genetic modification
(Bucur et al., 2006) or by a better immobilisation on the transducer. The use of new materials
based on gold, silver or iron nanoparticles (Du et al. 2008; Gan et al., 2010; Gong et al. 2009;
Shulga et al., 2007; W. Zhao et al., 2009) or on carbon nanotubes (Viswanathan et al., 2009)
also allows significant increase of the sensitivity of electrochemical and optical biosensors. A
portable system using a potentiometric transduction and AchE as bioreceptor has been
recently validated on different samples of water (Hildebrandt et al., 2008). Cortina et al.
(Cortina et al., 2008) proposed an enzyme-based array that used three AchE enzymes: the
wild type and two different genetically modified enzymes. Multianalyte devices combining
informations from several different types of enzymes have been also proposed. For example,
Soldatkin et al. recently developped an amperometric multibiosensor using the inhibition of
acetylcholinesterase, butyryl- cholinesterase, urease, glucose oxidase, and three-enzyme
system (invertase, mutarotase, glucose oxidase) for water toxicity assessment (Soldatkin et
al., 2009).
2.3.2 Estrogen receptor-based biosensors
Endocrine disruptors (EDCs) are chemical substances that cause hormonal imbalances and
impair endocrine or nervous systems. Some of these compounds affect the synthesis of
endogenous hormones or that of their receptors. Others are structurally similar to estrogens
and bind to their receptors, leading to their inactivation or to abnormal behaviours. Many
molecules, such as synthetic hormones or chemical substances such as phthalates,
surfactants, PCBs, alkylphenols, parabens, PAHs, dioxins and some pesticides, are EDCs. To
date, 320 priority substances suspected to disrupt endocrine system have been identified by
the European Community. Some of them (nonylphenol, di-2-ethylhexylphthalate and
polybrominated diphenyl ethers) have been included in the list of priority substances of the
Water Framework Directive. A review has addressed the use of biosensors for
environmental EDCs monitoring (Rodriguez-Mozaz et al. 2004).
Toxicity biosensors rely on EDCs binding on estrogen receptors immobilised on the surface
of a transducer. The estrogen receptor of human origin (ER-α) is the most often used.
Different transduction modes such as fluorescence, cyclic voltammetry, SPR, electrophoretic
mobility, have been proposed. Portable systems, mainly based on SPR detection have also
been developed (Habauzit et al., 2007). Recently, a biosensor containing carbon nanotubes
functionalised with the α-type human estrogen receptor and using a FET as transducer has
been reported. The response time was extremely rapid (2 min) (Sanchez-Acevedo et al.,
2009). Another biosensor, using impedance as transduction mode, was fabricated by
immobilizing ER-α in a supported bilayer lipid membrane modified with Au nanoparticles.
(Xia et al., 2010) The results indicated that the biosensor was able to detect the natural
estrogen 17β-estradiol with an acceptable linear correlation ranging from 5 to 150 ng/L and
a detection limit of 1 ng/L. The biosensor could also detect bisphenol A and 4-nonylphenol.
Im et al. (Im et al., 2010) propose to bind ER-α receptor covalently on a gold electrode for
impedimetric detection of 17β-estradiol. The detection limit was 1 µM.
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Toxicity
mechanism
Inhibition of
AChE activity
Inhibition of
AP activity

Inhibition of
respiratory
activity

Inhibition of
photosynthetic
activity

Environmental Biosensors

Pollutants

Microorganisms

Transduction

Reference

Cd, Zn

C. vulgaris

Conductometry

Chouteau
et al., 2005

OPs

C. vulgaris

Conductometry

Chouteau
et al., 2005

Cd

C. vulgaris

Conductometry

Guedri
et al., 2008

Cd, Zn

C. vulgaris

Amperometry

Chong
et al., 2008

Antibiotics

E.coli JM 105

Amperometry

Mann &
Mikkelsen,
2008

Hg, Cu, Zn, Ni,
phenolic compounds

E.coli

Amperometry

H. Wang
et al., 2008

KCN, As2O3, Hg2+

E.coli DHα

Amperometry

C. Liu
et al., 2009

Atrazine, DCMU
Formaldehyde

C. vulgaris

Amperometry

Shitanda
et al., 2009

C. vulgaris
/ P. subcapitata/ C.reinhardtii

Amperometry

Tatsuma
et al., 2009

Inhibition of
luminol
peroxidase
activity

Pb2+, Hg2+, Cu2+

Vibrio fischeri

Luminescence

Komaitis
et al., 2010

Genotoxicity

Nalidixic acid,
mitomycin C, H2O2

E.coli RFM443 nrdA ::
luxCDABE

Luminescence
(induction)

Hwang
et al., 2008

Mitomycin C,
nalidixic acid ,
MNNG, 4-NQQ

E. coli RFM443 with recA,
NrdA, dinI, sbmC, recN, sulA or
alkA promoters and luxCDABE
reporter

Luminescence
(induction)

Ahn
et al., 2009

Nalidixic acid

E. coli
RFM443 sulA ::phoA
S. typhimurium
TA1535 umuC::lacZ

IQ

Amperometry
Ben Yoav
(induction of AP) et al., 2009

Mitomycin C,
ethidium
bromide,H2O2,
toluene, pyrene,
benzo[a]pyrene, MMS

Acinetobacter baylyi ADP1
recA::luxCDABE

Luminescence
(induction)

Song
et al., 2009

Mitomycin, H2O2

E. coli
RFM443 grpE::luxCDABE
and recA::luxCDABE

Luminescence
(induction)

Eltzov
et al., 2009

Mitomicyn C,
pentachlorophenol,
H2 O 2

E. coli K12
recA ::luxCDABE and
ColD::luxCDABE

Luminescence
(induction)

Kotova
et al., 2010
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Toxicity
mechanism

Pollutants

Microorganisms

Transduction

Reference

Protein damage

Phenol

E. coli DnakA::lacZ
E. coli grpE::lacZ

Amperometry
(induction of β–
galactosidase)

Popovtzer
et al., 2006

Membrane
damage

Phenol

E. coli fabA::lacZ

Amperometry
(induction of β–
galactosidase)

Popovtzer
et al., 2006

Heat shock

Mitomicyn C,
pentachlorophenol,
H2 O 2

E. coli grpE: :luxCDABE
E. coli pIbpA::luxCDABE

Luminescence
(induction)

Kotova
et al., 2010

E. coli DH5α
pRSET::roGFP2

Fluorescence
(induction)

AriasBarreiro
et al., 2010

Mitomicyn C,
pentachlorophenol,
H2 O 2

E.coli K12 katG ::luxCDABE
and SoxS::luxCDABE

Luminescence
(induction)

Kotova
et al., 2010

Paraquats and
derivatives , H2O2

Various strains and promoters

Luminescence
(induction)

J.Y. Lee
et al., 2007

Oxidative stress Cd2+, Cu2+, Pb2+, Zn2+
H2O2, menadione,
selenite, arsenite,
triphenyltin
naphthalene

with luxCDABE reporter

AchE: acetylcholinesterase, AP: alkaline phosphatase; DCMU: 3-(3,4-dichlorophenyl)-1,1-diethylurea,
IQ : 2-amino-3-methylimidazo[4,5-f]quinoline, MNNG: 1-methyl-1-nitroso-N-methylguanidine, MMS:
Methyl methanesulfonate , 4-NQQ: 4-nitroquinoline N-oxide

Table 4. Some recent examples of toxicity cell-based biosensors.
2.3.3 Immunosensors
As seen in section 2.2.2, a large number of applications of immunosensors relate to the
determination of pollutants or groups of target pollutants. It is also possible to exploit them
for the detection of substances, called biomarkers, that are produced by an organism
following exposure to specific pollutants. Vitellogenin, for example, is a phospholipo-serum
glycoprotein secreted in large quantities by fish exposed to endocrine disruptors. Its
presence is suitable for identifying oestrogenotoxic effects of natural or anthropogenic
substances. Vitellogenin may be detected using electrochemical, optical or piezoelectric
biosensors based on carp anti-vitellogenin antibody (Bulukin et al., 2007).
2.3.4 DNA biosensors
DNA structure is extremely sensitive to the influence of environmental pollutants such as
heavy metals, polycyclic aromatic compounds and PCBs. These substances possess high
affinity for DNA, at the origin of mutagenic and carcinogenic effects. Biosensors, measuring
the interactions between these substances and single or double strand DNA molecules
immobilised on a transducer, have been developed and used for water genotoxicity
assessment. Electrochemical transduction is the most commonly used (Nowicka et al., 2010).
The compounds bound to DNA are detected, either directly when electroactive species are
involved, or through the modification of DNA electrochemical signal. Toxicity biosensors
based on the detection of DNA bases oxidation (mainly guanine, but also guanosine and
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adenosine) or on the degradation of the strands using an electrochemical probe, have been
developed and applied to the analysis of water samples containing different types of
genotoxic aquatic contaminants (metals, pesticides, PCBs, aromatic amines ...). Some of these
biosensors were favorably compared to commercial genotoxic assays.
Other types biosensors using either optical (SPR, fluorescence) or mechanical transduction
have been also proposed (Palchetti & Mascini, 2008).
2.3.5 Biosensors based on whole cells
Bacteria, yeasts, algae and fish cells have been also used for the development of toxicity
biosensors (Baronian, 2004; Daunert et al., 2000; Hansen & Sorensen, 2001; Lagarde &
Jaffrezic-Renault, 2011; Lei et al., 2006; Girotti et al., 2008; Van der Meer et al., 2010;
Woutersen et al., 2010). The biosensor response may be due to a change in cell metabolism
(inhibition of enzyme activity, respiration or photosynthesis), cell alteration, death, or
change in the expression of certain genes (modified organisms).
Many examples of electrochemical and optical biosensors proposed for toxicity assessment
may be found in the different reviews cited above. The most recent ones are given in
Table 4. Optical biosensors are mainly based on luminescent modified bacteria, using
typically the recA, uvrA, NrdA promoters for DNA damage detection, the grpE and dnaKp
promoters for protein damage detection, and the fab A promoter for cell membrane damage
(Woutersen et al., 2010).

3. Conclusion
Despite the large number of works carried out on the field of biosensors for water
analysis, and although they have many benefits, very few systems have so far been
marketed, unlike bioassays. Most commercial biosensors are versatile and suitable for
applications in various fields such as environment, biological analysis or medical
(Rodriguez-Mozaz et al., 2005).
Significant efforts still have to be done to obtain selective, robust, rapid and sensitive tools
usable in the field. The main limitation of the proposed systems come from the biological
elements. Current developments include enhancement of their sensitivity, selectivity and
their stability by genetic engineering (Girotti et al., 2008; Campas et al., 2009; Conroy et al.,
2009). Recent progress in this area as well as in data numerisation, transmission and
processing allows now the construction of arrays of microorganisms or of enzymes arranged
on a single detection platform for the determination of several parameters at the same time.
In parallel, the development of new biomimetic receptors such as that molecularly imprinted
polymers (MIP) or aptamers (synthetic oligonucleotides) is expanding to overcome the
fragility of natural bioreceptors (Wang et al., 2007; Guan et al., 2008). Methods allowing a
more efficient immobilisation of the bioreceptor will also have to be developed to improve
the robustness and sensitivity of biosensors. The exploration of new materials, including
gold nanoparticles, carbon nanotubes or quantum dots is an extremely promising route to
achieve this goal.
Essential progress has also been made in recent years in the miniaturization of transducers
(nanoelectrodes, nanowaveguides, BioMEMS) and will contribute to reduce significantly the
amount of biological entity required, but also to improve integration of the systems in labs
on chips (Ligler, 2009; Wei et al., 2009).
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1. Introduction
Currently materiel development and characterization have attained a central position in
science and technology to meet out conventional and unconventional challenges in
exponentially growing demands of civil society. Science, technology and society now are
closely correlated to serve mutually where materials sever as most fundamental interface
and initiator for dedicated and non-dedicated applications.
Materials are most significant entities which constitute body of all objective things may be
living or non-living being on the basis of structural stability. The structural components
which develop binding forces are critical components of the materials. The materials are of
two basic categories such as non-molecular and materials molecular. Of course, under nonmolecular materials (NMM), the composites, blends, alloys, eutectic mixtures, acoustic
materials constitute most industrially useful sensors mainly for non-biocompatible
applications. However, some of them serve as a most biocompatible material such as
polymer blends as contact less, stainless steel as bone substitute to normalize a function of
bone when it fractures. The NMM serve as basic materials for communication, building
materials, machine materials, computer ware materials and many others.

2. Constitutional biosensing property genesis
The molecular materials due to structural identity do sever as most excellent biosensors
because of certain structural changes which are trapped in form of certain impulse in
electronegativity, chemical potential, electrical signal, change in shared electron pair, free
energy, entropy, internal energy change, enthalpy change, friccohesity change. In general,
such changes are referred to as physicochemical properties (PCP). When the PCP predicts or
conveys certain signal or senses as an outcome of biological, biochemical, biophysical,
biotechnological, bioengineering phenomenon and similar others then the PCP act as
physicochemical indicators (PCI). The PCI also encompasses certain signals created due to
oxidation and reduction process and hydrophilic and hydrophobic interactions along with
ionic responses.
In this context a new materials to be prepared and act as biosensor must have definite sites
in molecules which can either undergo change or indicate some shear stress and shear strain
to be detected as a signal to analyze a nature and type of phenomenon being executed at the
operational site. Several molecules such as DNA, RNA, proteins, enzymes, hormone etc. do
have giant size with manifolds responding sites which are covered under a new concept
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IMMFT (intramolecular multiple force theory) reported elsewhere [1]. For example, egg
phosphatidylcholine (EPC) with multiple force points behaves as an emulsifier type sensor
to detect hydrophilic interactions while the cetylpyrridiunium bromide (CPB) with cetyl
carbon chain with uniform covalent bonding force (UCBF) due to sp3 orbital hybridization
behaves as surfactant type sensor to depict hydrophobic interactions. Thus the EPC is a
biosensor for scaling viscous property through intermolecular forces whiles the CPB as a
cohesive forces scaling through hydrophobic mode [1, 2].
2.1 Fundamental energetics
Fundamentally a molecular mechanism of biosensor is thermodynamic in nature as each
and every structural change is accompanied with free energy and entropic change.
According to first law of thermodynamic the energy neither destroyed nor created but
transformed from one form to another. It is depicted as q = ΔE +PdV, q is enthalpy change,
ΔE is internal molecular change and PdV is physical work done in energy change process as
the P is pressure and dV, a volume change. Also the structural changes are depicted with
simple thermodynamic change for energy transformation equation 1.
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It analyzes a change on mixing n1 and n2 moles at dP = 0, dT = 0 and depicted as equation 2.
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Equations 1 and 2 define chemical potential response as base for biosensor with no physical
changes. The internal energy also matters a lot in biosensor q = ΔE + PdV. Thus the
molecular constitutions fundamentally illustrate a fundamental science and mechanism of
biosensors without which it is impossible to develop any molecular device for biosensing to
be used efficiently. Thus for understanding a theme, theory and mechanism of sensor, a
broad view is an essential step and knowledge before initiating and designing application of
biosensors. The molecular identity is must during biosensing action mechanism. Of course,
the biosensors do have potential and befitted in current trends of nanotechnology and green
sciences in analytical and materials sciences. Technically, there is a lot more hidden potential
within molecular world if it is unearthed and proliferated in right direction and suitable
applications. The biosensor could not only open new gateways of ample new opportunities
but could also constitute exponential synergies to synchronize molecular potential to a level
of nuclear sciences for positive works. Currently, molecular sciences have gathered enough
momentum for wider applications in chemicals, medical, biochemical, biotechnological,
biophysical, biotransformational, bioelectronics biomembrane, osmolarities, electrical
conducting charges along interesting and powerful potential of bioconductance in field of
fluid sciences (1, 2). Quarts materials with pi-mesons and similar other subatomic particles
could also simulate biosensor sciences. In layman language, the sensor word reveal or do
indicate some dynamic activities associated with molecular materials. Of course, the nonmolecular world could equally be benefitted in applied sciences in space research,
telecommunications, electronics etc. Here, the focus is on biosensor which could generate
some formative signal of particular activities which is readable or measurable with accurate
and reproducible analytical equipment. The biosensors are molecular materials with definite
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molecular constituents organized in a specific electronic configuration and geometries to
have integrated impact like benzene when dissolved in water no thermodynamic properties
water are changed. In contrary to this, when ethanol is dissolved in water the
thermodynamics is changed and a resultant aqueous ethanol mixture exists with totally new
sensing properties. The benzene sp2 hybridization is intact when is brought in contact of
water but the sp3 hybridization of the ethanol quickly senses and responds a presence of the
water environment. It is very true in case of alcohol intake where the later quickly bind with
body water and tightens the muscle and body becomes stiff on alcohol intake.
2.2 Biothermidynamics support
This is a real mechanism of biosensor. For example, DNA, RNA, proteins etc. with definite
biocompatible molecular constituents do perform critical role in body, and also DNA finger
printing is a great biosensor. Thus there are certain molecular accessories which initiate
energy ridges and anchor interacting tools to be nourished as a phenomenon for furtherance
or amplification of specific signal. Thus the highly biocompatible molecules like proteins,
drugs, biopolymers etc. act as biosensors where such molecules undergo several mechanism
like oxidation and reduction; hydrophilic and hydrophobic; interstitial placements, shifting
shared electron pair to more electronegative atom within molecules. The abovementioned
interacting molecular accessories (IMA) as critically potential molecular nut bolt (MNB) do
induce and exert molecular interacting engineering (MIE) which are responsible for
molecules to behave as biosensor.
The IMA and MNB together create paces and phases with different electric or chemical
potentials to develop working and biosensing thermodynamic spontaneity (BTS) (2) to
develop interacting vacancy in search of equilibrium due to ΔG ≠ 0. The BTS is tool to
equilibrate ΔG ≠0 into ΔG = 0 with a thrust to homogenize liquid mixture, may be in context
of chemical potential µ = (dG/dn)P,T. The fundamental function µ generates IMA followed
by MIE under constant P (pressure) and T (temperature). Thus for biosensor efficiency and
mechanism the MIE and BTS are unavoidable tools, in fact, these are the fundamental
molecular accessories to generate required properties of any individual molecule to act as
biosensor. Therefore, the materials which are to be constructed to work as biosensor must
have capability and capacity to initiate and cause the BTS. Incorporating abovementioned
factors specifically the IMA and MNB to have effective MIE with excellent BTS, lead to
simulate changes and integrate certain signal to visualize measurable or sensible indicators.
Such generation, construction and formulation of MIE lead to certain sciences like surface
and bulk reorientation in molecular energies (3).
For broad elaboration of developing effective biosensors few molecular activities or initiative
dents could be noted as essential accessories for successful biosensing mechanism. These are as
collision and kinetic activities, electrostatic, solvent activation, pH change, photosensitization,
temperature induction, activity coefficient, solubility product, complex product, ionic
exchange, solvent saturation point, colloidal formation, critical micelle concentration. Any of
the above mentioned activities either independently or in combination of others could
integrate in terms of structural potential which could complete a biosensing processes and
products then the foundation of biosensor is excelled in practical uses for their effective and
reliable validity industrial as well academic applications. Also the reproducibility of any
individual molecules to act as biosensor is based on the molecular reorientation,
optimization, energetics, friccohesity, interaction engineering, localized molecular potential,
molecular potential distribution for efficient working and reducing energy barriers of
individual processes with advanced binding or lock and key model based kinetics.
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3. Electrostatic science of biosensor
Broadly speaking, the biosensor, in general, specifies a change in chemical systems as
environmental systems where if temperature goes up then surrounding too respond
accordingly. For example, global warming is due to solar radiation absorption which raises
temperature of the globe due to solar radiation absorptions which are electromagnetic
radiation (EMR). The EMR interacts with polar gases HCl, N2O, SOX, COX (x=1, 2, 3) and
water vapor (H2O) which are noted green house gases and sensor for global warming where
whole ecosystems influenced. Thus environmental biosensor too play critical role for
sustainment of ecosystem. For example, during weather change, the people get cold or some
other disease that is due to temperature variation as the human body responds temperature
changes and dissipate and dimensionalized the energy level enhanced due to rise in
temperature. This theory is based on ΔG ≠0 where the BTS theory equilibrates ΔG ≠0 into
ΔG = 0 to homogenize body equilibrium.
Fundamentally, the biosensor is not an industrial phenomenon but a way out of chemical
thermodynamics where an additional energy of molecules accumulated on specific
molecular constituents is utilized in reorientation to get optimization in prevailing
environment in the body or other living beings. For example, when Hg (mercury)
thermometer is kept in 10°C water bath, the Hg column remains near bottom but when the
temperature goes to 50°C, the temperature goes to high level. In this process, a well defined
thermodynamics work is done explained with q = ΔE + PΔV equation. The physical work w
done in Hg process is w = PΔV where the p is pressure and v is change volume. The
v = πr2h, r column radii and h is its height, hence work done w = p πr2h. Notably, the h is
either higher or lower not because of a pressure change but due nature of Hg which on
heating expands and runs up which is an excellent sensor of temperature control, and could
be extended to similar other systems.
Previously so many direct physical devices were used to make change and to check the
temperature points. Similarly, the low pressure in specific area of globe cause storm to come
which is very much fitted in ΔG ≠ 0 as a strong BTS is developed to equilibrate ΔG ≠ 0 into
ΔG = 0 with no pressure change. So biosensor is basically used for different uses. The
bioscience human body is associated with specific molecules to perform several functions to
do the work or dock specific molecule or ions or cells to normalize the body functioning. For
example, certain medium when given do reduce body temperature which is an indication of
their effect on the body. So biosensors are basically used for different used. Soap or
detergent is another biosensor to remove dirt particle from textile fiber similar in ΔG ≠0 to
ΔG = 0 manner. So several highly useful products are in use in society where biosensor do
play constructive role. For example nutrients, essential oils, salts macronutrients which
automatically indicate either surplus or deficiency in body. The biosensor only predict and
hint about so many products and properties of molecular like conductance, viscosity,
surface tension, chemical potential, Gibbs free energy and devised according as optical
sensors, electrical sensors, temperature sensor, electronic, volume or pressure of gases in
blood, sound sensor based on acoustic biomolecules, DNA sensor, protein sensor and
others.

4. Conformations backup to biosensor
Current thrust is to construct or synthesize materials which could be used as safer and sure
efficient biomolecular sensors (EBS). The EBS mechanism is conceptually works on
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structural reorientations and conformations (SRC) of molecular constituents which are
highly compatible to human activities in body. Sure and pure study of all possible SRC are
studied in detail and ensured that no unwanted structural conformation is developed in
newly developed biosensor. As the structural configurations do develop binding and
interacting capacities with different molecules in body, for example, the phytic acid (Fig.1)
intake binds with calcium ions and cause deficiency of calcium. The phytic acid is in hulls of
nuts, seeds, grains but cooking food slightly reduces it so a sprouted food with skin is good
behave as excellent materials. The phytic acid is a chelator of minerals Ca2+, Mg2+, Fe3+, Zn2+
and causes mineral deficiencies in people that result into osteoporosis. The osteoporosis is a
bone disease accessible to increased risk of fracture due to lower bone mineral density
(BMD). It aqueous mixtures cause unique IMF with drastic change due to much structural
interactions depicted with Friccohesity data.

Fig. 1. Phytic acid
Thus the few new molecules are being developed in reference as construction of new
materials. Hunger is another sensor to take food, a thirsty another sensor to maintain the
water intake in body. Ambition is another sensor to work hard and curiosity too to know
more and more, sleeping is another sensor to provide rest to muscles.

5. Novel science of biosensor materials
Biosensor science is a pure thermodynamics process because when plastic touched with
electric connection and the electronic wire does and allow bulb to light. The metallic wires
coated with plastic due to electronic and non-electric release respectively. Hence ideal
materials can’t work as biosensors in body but get deposited like cholesterols. There are
ample opportunities in body as several biomolecules are gigantic heteromolceucles with
several functional groups which could act as ideal biosensor if studies are devised and
conducted accordingly. Each molecule does develop specific Friccohenics to diversify the
forces to operate molecular forces of biosensor. A hidden potential of biosensor and
operational biophysics must be fabricated in scientific manner with befitting biophysical
MIE with BTS for biosensor molecular models (BMM) to integrate and exploit or harness the
friccohesity model from fundamental molecular unrest and optimization to strengthen
potential structural reorientation. In this context few newly developed biosensors (NDB)
like poly-N-vinylpyrrolidone oximo-L-valyl-siliconate (POVS) [4], melamine-formaldehydepolyvinylpyrrolidone (MFP) supramolecules [5] and 2, 4, 6 Tridiethymalonate-Triazine
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(TDEMTA) and 2, 4, 6 Hexadiethylmalonate-Triazine (HDEMTA) dendrimers [6] could be of
great significance in field of biosensors. Especially, the dendrimers are with unique
architectural structures and widely suitable to be as biosensor due to functional end groups
in forms of hyper-branched tree like macromolecules.

6. Fundamental molecular engineering
Modern research trends are of innovative supramolecular and nanoparticle-based systems
for novel phenomena and applications in different fields. The NDB integrates grey areas of
molecular research approaches in the fields of supramolecular, dendrimer, biosensor and
smart biomolecular chemistry of hydrophilic and hydrophobic quanta dots within a
molecule (7). The NDB could also enhance understanding a technology of liquid crystal
devices (LCD), liquid electronic devices (LED) insulators etc. The NDB are most efficient
and work based on v = 0, 1, 2, n. are vibrational quantum numbers and total molecular
energy (Emol) which is constituted of electronic, vibrational, rotational, nuclear and
translational components with many degree of freedoms that lead to either ΔG ≠0 or ΔG = 0
as Emol = Eelectronic + Evibrational + Erotational + Enuclear + Etranslational
The Eelectronic is electronic or a potential energy surface at equilibrium geometry and energies
of these components vary with the oscillations. The rheological and IMA, MNB, MIE with
TBS could be structurally and quantitatively analyzed with Survismeter [8] which works on
Eelectronic, Evibrational, Erotational, Enuclear and Etranslational conceptual framework. Such systems have
been widely studied (4-6). Intramolecular multiple force theory [IMMFT] is proposed to
explain molecular interactions of olive oil-water- egg-phosphatidylcholine (EPC) mixtures
with a possible correlation of surface and bulk reorientations with microstructures depicted
with SEM. Frictional and cohesive forces as Friccohesity have been noted as driving forces to
assert for validity of the IMMFT model and its link with SEM [2].

7. Detailed view of biosensor mechanism
Molecular activities of biosensors are initials and signatures for origin of scientific
simulations and frameworks for academic as well as new industrial upcoming. How do the
molecules maintain identity under different polarity and electrostatics for sequential
structural reorientations? It becomes more important in case of biomolecules such as EPC
which being weakly polar involved in biosensor signal as emulsifying agent (9-11). For
example, a detection of bound water at moon is an input and incentive to intensify search
and research of undiscovered molecular world (12). In year 1953, Stanley and Miller
experiment was a pioneer model to signify molecular signatures and several experiments
and functions have strengthened a concept of molecular science (13) in search of newer
mixtures and properties (14). The biomolecular sciences were studied by many scientists
(15) for peculiar structural reorientation optimized to facilitate interactions (16). Since 17 th to
19th centuries, several workers intensified efforts to elucidate hidden biomolecular
combinations in different polarity (17). The friccohesity of such molecular materials do have
excellent control due to their fluid dynamic and collision pattern in medium based on the
Brownian motions. The friccohesity incorporated cohesive and frictional forces together
with mansingh equation depicted below in equation 3.
⎡⎛ t B ⎞⎛ n
⎞⎤
± ⎟⎜ ± 0.0012 ( 1 − ρ ) ⎟ ⎥
t
t
n
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(3)
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For example, Van der Waals emphasizes on conducting and transporting properties along
binding forces (18). Debye Huckle theory and Lennard Jones potential distinguished a basic
difference in potential and kinetics of biosensor dispersion and motions (19). Theoretically
Schrödinger and Born Oppenheimer Approximation (BOA) focused nuclear charge
contribution based on quantum chemistry support. A molecular potential before mixing is
zero but on mixing is not zero due to interactions (20). For example, oil and water (21) are
not much soluble due to weaker interactions (22) but the BOA conceptually explains
interactions extended to simple organic or inorganic complexes (23). In such situations the
forces inside within a molecule are confined to a centre of control. Onsager and DebyeHuckle, explained a contribution of electrostatics poles of either single ions Na+, Ca+, NH4+
or Zwitterions like amino acids as alignments of solvents were fitted with biosensor
electrostatics (24). For biomolecule such as olive oil does not hold any charge so theories like
Debye Huckle could not be fitted for its biosensor activities. Debye could not offer adequate
solutions for macromolecules such as proteins where partially ionic peptide bonds were
embedded in folding and electrostatic poles were not clearly exposed to solvents (25).

8. Interdisciplinary alignments of biosensor concept and applications
Thus the medium reorientation is effective for embedded electrostatics poles to unfolds the
proteins and similar others. Tanford conducted substantial studies on interactions useful for
biochemists and biothermodynamists (26). Ludvig Lorenz refined such interactions and
approaches of molecular forces, especially of weaker electrolytes as surfactants and mildly
partial such as olive oil where forces are confined, redistributed in a local arrangements.
This made a better understanding of organic mixtures in a wider way to study oil-water
muslins for industrial purposes. For centuries, the molecular framework has been a
fascination to scientists for molecular design, polarity, electronic configurations and others.
Since origin of life, it has been a never ending process and the scientists, chemists,
biochemists, biotechnologists continued their pursuit for further search of either developing
new mixtures in laboratories or extracting out of natural sources animal or plants (27).
Further, Vander Waals, Lennard and others worked on primitive part of molecular sciences
and realized a lot more potential and science hidden which has been furthered various new
scientific theories, options, surfaces, intra-surfaces like nanotechnology. Thermodynamics
was tried to retrieve hidden molecular energetics such as entropic and free energy changes
(28). The studies of biosensor are continued and scientists remarkably contributed to further
elaborate and signify their medical potential for industrial uses. From 18th to 19th centuries, a
shift from bioionic to biomolecular approaches was noted on a pattern of big debate on
existence of atomic theory put forward by Nellie Bohr with evidence and an existence of
atomic theory was accepted. Thermodynamic mixtures are easy to explain but the oil and
water mixtures with zwitterions as additives need classical support in favor of molecular
origin of forces responsible for biosensor sciences. Though several intensely diversified
conflicts of biosensor sciences were noted but a molecular force theory (MFT) was
unanimously accepted which is still continued.

9. Intramolecular multiple force theory (IMMFT)
Since late 20th to 21th century, trends to develop supra or giant molecules in laboratories
either based on metallic ions such as transitional and lanthanides metals (29) or certain
molecular rings as core or centermost part or then after branching as an extension for
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molecular shape and sizes developed for industrial uses and relevance (30). These sciences
revolved around MFT, and originated several diversified molecular forces theories (DMFT)
to understand vivid molecular fascinations using biothermodynamics, chemical kinetics,
electrochemistry which thinly peeped into inner sides of molecular interactions. The DMFT
was put forward and new phenomenon such as friccohesity was emerged to find out a
relevance of materials to biosensor such as polymers, drugs, cosmetics, sol gel, electrolytes,
solvents, pesticides, disinfectants and others.
It is aimed for opening new gates of knowledge about for industrialization of molecular
concept in interest of society. For example, olive oil-water-bio-surfactants mixtures were
never designed and studied, despite huge industrial potential (31). Fundamentally,
biosensors involve bond disruption, reorientation, breaking, bond angle and bond energy to
correlate and reveal mechanism for generating signal such as liquid crystals. It could be in a
most conceptual manner such as intramolecular multiple force theory (IMMFT) to
intuitively explain a sensing device that could excellently interpret surface and bulk phase
dynamics responsible for microstructure designing depicted with SEM. In history of
biosensor the IMMFT is a novel step forward and approaches for effective use. For example,
around phosphate atom of EPC, three different alkyl chains with O atoms are fitted which
cause different force centers within EPC (Figs.2 and 3). It sensed diffused hydrophilic
response useful for emulsification or homogenous dispersion in bulk water phase and not
moves to surface contrary to surfactants sensor such CTAB, CPC and CPB which
accumulate at surface (32).

10. Experimental support
Experimental verifications could be made with surfactants and L-α-phosphatidylcholine
(source egg yolk) by mixing with olive oil in 10-5mol kg-1 with 2-10 mm kg-1 BS. Their
densities, viscosity and surface tension with Survismeter measured of biophysical
significance under sterilized condition. The EPC behaved as excellent emulsifier only
because of many forces centers operational in developing interactions at separate points
within a molecule. Hence it could not pushed to interface but remained suspended in
hydrophilic water while the CPC, CPB and CTAB reduced almost 43% ST as they tend to
surface and saturate the same by reducing surface energy or tension due to integrated
hydrophobic CBF but the EPC does not have integrated CBF along the alkyl chain because
of the O atoms are in chains. Hence comparatively the EPC behave as best emulsifier whiles
the CPC, CPB and CTAB as best cationic surfactants. This observation is also supported by a
SEM pattern, with stronger intermolecular forces with CTAB and olive oil which produced a
higher compatibility and density (Fig. 2).
Surface tension
The surface tensions of BS-olive oil-water are lower than of the water by 1.5 mN m-1 except
the EPC, with slightly lower values. With OOW, the higher surface forces than of the water
are attributed to the stronger hydration spheres with the CPC, CPB and CTAB. The γ0 are as
EPC > CTAB > CPC > CPB (Table 1). The γ0 data inferred a role of cohesive and adhesive
forces due to activities in addition to electrostatic and Newtonian forces. The higher γ0 value
with the EPC exerted a stronger IMF with stronger hydrophobic-hydrophobic interactions
of longer alkyl chain. The IMMFT model explained an action mechanism of the EPC due to
multiple force centers such as two alkyl chain, oxygen atoms, PO4-3 group and quaternary
nitrogen atoms.
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Fig. 2. A big gap in surface tension values of EPC and surfactants as physicochemical
indicator where EPC and surfactants act as excellent biosensor in biofluids, bioemulsions,
biocolloids and others. The biosensing mechanism is executed through stronger cohesive
forces in case of the EPC while the weaker frictional forces with the surfactants. This defines
a role of Friccohesity in successful and effective biosensors for based on fluid. The EPC
works through hydrophilic and the surfactants through hydrophobic interactions based on
IMMFT model. dynamics.
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Fig. 3. Molecular structure of olive oil, CPC, CPB, CTAB and EPC.
The PO4-3 group weakly disrupted the water, and highly asymmetricity in the EPC structure
initiated the stronger cohesive forces. The higher entropic changes due to multiple force
centers for interactions caused stronger hydrophobic-hydrophobic interactions. The IMMFT
predicted that the EPC molecules are not able to disrupt the hydrogen bonded water and the
multiple forces of electrostatical points EPC exert higher tension.

11. Hydrophobic and hydrophobic phenomenal support
For example, from 8 mmkg-1 BS, the γ0 is linear with no further change in surface forces, due
to a complete kind of reorientation of water along little monomer formation (Fig. 3) which
further increased with increasing concentration. The 8 mmkg-1 BS, initiated micelles
formation, and is a critical micelle concentration point (Figs 2 and 3). The SEM illustrated
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dispersed structures of biosurfactants with higher intermolecular forces between them in
aqueous olive oil mixtures (Fig.2). The IMMFT model excellently explained geometry of
microstructures as a function of frictional and cohesive forces at multiple points, especially
with the EPC The molecular dispersion have maximum surface forces but an olive oil
brought them together causing intermolecular forces which reduced an exposed area with
reduction surface tension as EPC > CTAB > CPC > CPB. Their comparative study illustrated
higher surface tension and lowest dispersion with EPC (Fig. 2). The stronger intermolecular
forces between the EPC-EPC with higher cohesive and adhesive forces in olive oil-water are
responsible for such a behavior. The SEM illustrated comparatively uniform dispersion with
the EPC with weaker Van der Waals and London dispersion forces and is attributed to
IMMFT. Usually oil develops colloidal solution with diffuse interface forces while smaller
biosurfactants are well defined hydrated units depicted by SEM. The biosurfactants
breakdown the water structure while olive oil is not able to do so but it shifts the bulk
structure of water around itself with a cage formation. The dispersion of the olive oil in
water and of CPC, CPB, CTAB and EPC molecules with olive oil-water mixture is depicted
by the SEM as CTAB > CPC > CPB > EPC > OOW (Fig. 2). Here, the SEM studies illustrate
that the olive oil structure in water does not get disrupted due to stronger intermolecular
forces but it remains in its original structure. The thread like structure inferred the C
backbone of olive oil (Fig. 2). The EPC has caused least disruption into n-fragmentations due
to stronger solute-solute interactions, results higher surface forces (Fig. 2). The CTAB
though weakened the frictional forces but also caused some integrated or packed patches or
the smaller globules which is dewetting depicted with SEM picture (Fig. 4). It describes the
oil-water-surfactants mode.

[Olive oil-water]

[CTAB with OOW]

Fig. 4. SEM pictures infer excellent biosensor activities of the biofluids.

12. Physicochemical significance
The McLachlan theory predicts that van der Waals attractions in media are weaker than in
vacuum based on like dissolves like where the different types of atoms interact more weakly
than identical types of atoms. In contrast to combinatorial rules or Slater-Kirkwood model
that illustrated classical force fields which were supported by Jacob Israelachvili with
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Intermolecular and surface forces model. The IMMFT model is advantageous by
incorporating distribution of forces intramolecularly for better signal. The model of multiple
force fields could be used for unfolding of protein structures, for example, energies of
hydrogen bonds in protein engineering. The molecular biotics, fashionable configurations of
atoms within spatial framework of covalent bonds, for example proteins, amino acid with
intradisciplinary molecular structures like organic, semi-organic, complex, supramolecular
prototypes activated chip. These perform several functions where Schrödinger quantum
mechanics and wave mechanism of energy distribution occurs. The theology of scientific up
gradations on ionic to molecular coordination have now at center stage not because of
nanotechnology but because of molecular potential to resolve various complicated issues of
the matters. In this context, the IMMFT model is most suitable and a step forwards for
resolving better understanding of the giants and supamolecular structures.

13. SEM correlation
Conclusively, a correlation between physicochemical properties and SEM microstructures is
noted in case of the EPC, a very common ingredient of the food digestion process. A
fundamental difference in interacting behaviors in EPC and other surfactants CPC, CPB and
CTAB is of surface activities. With EPC due to IMMFT the EPC does not pushed to surface
and could not reduce surface tension as compared to others which reduce about 43 %. Since
they saturate the surface due to stronger CBF but EPC is missing CBF. So EPC is a best
emulsifier while they CPC, CVPB and CTAB are best surfactant. With EPC three alkyl chain
surround phosphate with steric and induction effects due to CBF and each alkyl has double
bond with sp2 configuration, also contribute to emulsification with negligible surface excess
concentration. Hence IMMFT is excellent model to structurally explain molecular forces
responsible for emulsification action of the EPC as it has not largely reduced surface tension
by not ending towards interface. Contrary to EPC, the CPC, CPB and CTAB reduced surface
tension more than 43% with higher surface excess concentration and comparatively stronger
hydrophobic interaction than those of the hydrophilic. The EPC is as excellent emulsifier
only because of the many forces centers operation in developing interactions within single
EPC molecule and is not pushed to interface but remained suspended in hydrophilic. Hence
comparatively the EPC behave as best emulsifier whiles the others as best cationic
surfactants. The slopes values with EPC are lower than those of CPC, CPB and CTAB
because the EPC is emulsified or dispersed homogenously in bulk water phase. So the EPC
does not move towards surface with increment in its concentration contrary to CTAB, CPC
and CPB which tend towards surface and get accumulated there on that seriously affect the
surface tension. Higher concentration accumulation on surface need higher work to be done
and hence it strongly weakens tension. Thus the slopes with CPC, CPB and CTAB
concentrations the higher reduction in surface tension is required as compared to the EPC.
Hence the IMMFT explained the maximum dissolution with EPC

14. Novel molecules
Few new and novel molecules such as 2,4,6 tridiethymalonate-triazine (2,4,6 TDEMTA) 1st
(G1) and 2,4,6 hexadiethylmalonate-triazine (2,4,6 HDEMTA) 2nd (G2) tier dendrimers as
efficient biosensors were developed [synthetic] and found with exceptionally high
biosensing activities due to octopus like geometry with 7.12x10145k J mol-1K-1 frequency
factor range estimated with Arrhenius equation. Their higher surface area with significant
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void spaces has many channels and cavities with an ability to trap foreign material in
medical sciences, drug delivery systems, in biomedical, biophysical and biochemical fields.
Their biosensing activities A’ and activation energy E’ calculated from [η] vs 1/T with
[η] = log A’-(E’/2.303 RT) Arrhenius equation log. E’/2.303 are slope and R gas constant
(8.314 J mol-1K-1).
14.1 Limiting viscosity η0
Their biosensing activities A’ and activation energy E’ may monitor branching and π
conjugation where both the factors contribute to modulate intermolecular forces. The η0
values define state of electrostatic forces for shape and hydrodynamic structure a most
prominent requirement for biosensor. The G2 structure with larger π conjugation numbers
develop hydrogen bonding among branches with higher molar volume. Intrinsic viscosity B
is associated to the shape and size and is very low whose value indicates heteromolecular
forces with medium and rotational motions. As the viscosity is an arrangement of
intermolecular forces to get oriented to interact through certain activation energy. In
general, the dendrimers show higher viscosities than of the water because higher activation
energy E’ and longer time is required for their reorientation. For example, activation energy
of G1 is 854.39 kJ mol-1K-1 which is because unexpectedly very high rotations and
reorientations. These forces increase many times for G2 with greater rotational and electronic
rearrangement due to greater entropy. The B values for G2 are slightly higher than those of
the G1 with a similar interacting dynamics where more branching develops higher
hydrodynamic volume. Several theories such as Mark-Houwink-Sakurada Equation
structurally illustrate action mechanism of biosensors in context of degree polymerization as
6 and 2 times, respectively.

15. Binding volume (vm) impacts
Boundary is to be determined that where from a restriction on binding volume becomes
effective when the biosensor undergoes activities. So far no concrete studies are cited to
define a critical point drawing a line for restriction to be effective or not, and the solvents
also contribute. For example, the water is a poor solvent for macromolecules (2), and such
data become highly relevant for G2 type biosensors where chain length is 2 times higher
than of G1 type biosensor. The vm values for G2 are higher that prove stronger biosensing
action. Newly developed biosensors must be stable at workable temperatures. In this
context their temperature stability is studied with thermal gravimetric analysis (TGA) as
their disintegration (∂m/∂T, g/Kelvin or g K-1) during biosensing activities would defeat the
purpose to use them as biosensor.

16. Thermal stability of new materials
This technique predicts a weight loss (g min-1) on thermal decomposition or disintegration
(∂m/∂T) that infers their thermal stability where compositional or thermally induced
transitions do not disrupt original biosensor structure on a pattern of the catalyst. Their
thermogramme must be a straight line with time with respect to variable, may be
temperature of the process or the pressure or the polarity of the medium. The G1 and G2
both have marked slight decomposition from 80 to 120°C due to loss of weakly bound water
with @ 2.4 g min-1. The 2nd small zone noted around 250-260°C, which confirmed higher
temperature stability of the targeted biosensors. At 280-360°C a sharp weight loss with 22.5
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g min-1 was observed. The TDEMTA is slightly complicated decomposed with several rates.
The dendrimer shows 22% weight loss @ 2 g min-1 and 19.63% weight loss @ 1.2 g min-1at
620°C and 800°C respectively. Hence the structure of dendrimer comparatively resists
temperature change. The thermogramme shows least loss at around 80-100°C with almost a
stable curve. The dendrimer consists 3 polar zones with lone pair of electron on nitrogen;
also the π conjugation develops polarity responsible for binding of the polar molecules such
as water and ethanol. At 250°C, a sharp weight loss @ 5.8 g min-1 with molecular
reorientation infers weakening of hydrogen-bonded structure. The critical changes due to
thermal energy were observed after 320°C, may be, due to breaking of branches but at about
420 and 450°C. The G2 (2, 4, 6 HDEMTA) shows 11 thermal decomposition zones with
different rates with sequence of physical transformation and breaking of bonds. The G2
shows comparatively higher thermal stability than those of G1 with weight loss @ 0.05 g
min-1 from 50 to 80°C. At 340.82, 382.45°C, the 3rd and 4th reactive zones infer elimination of
weakly bonded and hydrogen bonded molecules with 39.6 % weight loss @ 2.5 and 4.0 g
min-1 as it is highly branched with a web like structure. The G2 with 12 terminal branches
radiated from a central hub and the zones at around 450 and 560°C demonstrate breaking of
branches with decomposition of 62.05% weight loss. Physicochemical, spectroscopic and
thermal decomposition studies inferred similarity in structures of 1st and 2nd tier dendrimers
except degree of polymerization 2 and 6 times, respectively. It infers that larger branching
that inhibits the IMMFT linkage for biosensing linkages due to more stability. The G1
depicted below.
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Fig. 5. 2,4,6 TDEMTA G1, a white solid washed with water dried at NTP stored in P2O5
filled desiccator
16.1 IMMFT
Figs. 5 and 6 depicts most effective and befitting model fitted in IMMFT concept for working
as excellent biosensors due to multifunctional force centers that monitor biosensing
activities and interacting energies. Each force centre has individual electrostatic force (ESF)
confined and aligned in A most distributive manner based on Boltzmann energy
distribution concept. The ESF is defined with densities. Similarly the biosensor develop
cumulative intermolecular force (IMF) based on ESF and also due to covalent bonding forces
(CBF). The CBF deals with viscosities. For example, the G1 and G2 densities and viscosities
are measured with Antaan Paar densitometer and Survismeter (Calibration no.
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0607582/1.01/C-0395, NPL, Govt. of India) respectively at NTP. Their data are given in
Tables 1 and 2. Further excellent newly developed conceptual parameter named as
friccohesity could serve as a most useful data to illustrate dynamic movements of the
dendrimers during operational course
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Fig. 6. The 2,4,6 HDEMTA G2 tier dendrimers, white precipitate filtered, washed with warm
water (Singh et al, Synthetic Commun 38, 2857, 2008)
16.2 Data support
dendrimers
G1
G1
G2
G2

Temperature (K)
298.15
303.15
298.15
303.15

ρ0
0.9967
0.9914
0.99684
0.9915

Sd
0.1948
0.1238
0.1947
0.1238

Sd*
-12.9449
-6.5065
-12.9449
-6.5065

Table 1. Limiting densities ρ0/103kg m-3, 1st and 2nd degree slopes, Sd/103kg2 m-3mol-1 and
Sd*/103kg4 m-3mol-3, on regression densities against c%.
dendrimers
G1
G1
G2
G2 dendrimer

Temperature (K)
298.15
303.15
298.15
303.15

B
45.3607
- 6.4835
45.3318
-6.34206

D
- 13623.30
2357.29
-13596.20
2306.44

D’
947527.20
-170666.91
945149.85
-165958.33

Table 2. Intrinsic viscosity B/0.1 kg mol-1, slopes D/(0.1 kg mol-1)2 and D’/(0.1 kg mol-1)4.

17. Novel biocompatibility for new biosensor materials development
Historically, polyvinylpyrrolidone (PVP) in 2nd world war, was used as artificial blood
plasma as anticoagulant to compensate shortage of the blood due to infinite war causalities.
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Since the PVP molecule is sizable and was used to develop melamine-formaldehydepolyvinylpyrrolidone (MFP) resin with excellent biosensor activities and porous structure to
perform several activities such immobilization of the bacterial growth, adsorption of toxic
metal, alkaloids, narcotic drug, protein unfolding, biomacromolecular engineering and
others. Its microstructure obtained with scattering electron microscopy in depicted in Fig. 7
which is highly porous with sizable void spaces. Dispersive and adsorptive activities of the
MFP biosensor were studied by blending it with glycerol, a biocompatible molecule and an
impact is also depicted in Fig. 7. The glycerol is trapped and equally distributed as per
Boltzmann distribution law where the friccohesity (equation 3) resolves the thermodynamic
assistance to distribution as its motions are developed due to concentration gradients.
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-(CH-CH2)nc)
Fig. 7. a) MFP; b) MFP + glycerol; c) Molecular structure of MFP, core is belongs to
melamine bridged via CH2O to PVP units (Singh et al, J. Appl. Polym. Sci. 114, 1870, 2009)

18. Biocompatibility essential condition
The biocompatibility of newly developed molecules to use them as biosensor is essential
condition hence few molecules illustrated in Figs. 8a and b are developed. It could be
achieved when the highly biocompatible molecules are used in their preparation. The 2,4,6
triglcerate triazine, Tri (2, 4, 6) glycerate triazine (TTGTA)biosensor which have been
prepared with glycerol a most biocompatible molecule and widely used in biochemical,
biophysical, and essential part of the oils and fats.
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Fig. 8. a) 2, 4, 6 triglcerate triazine (TGTA); b) Tri (2, 4, 6) glycerate triazine (TTGTA) biosensor
dendrimer with anticancer mechanism and drug carrier Branching act as tentacles to rupture
cancerous cells and cutoff food supply from normal cells

164

Environmental Biosensors

19. Supramolecular biosensor or metallic biosensor
Silicon is well known and established biocompatible metal and has been used in several
surgery, implants and artificial catheter preparation. Thus Poly-N-vinylpyrrolidone oximoL-Valyl-Siliconate, a supramolecular biosensor, was prepared using silicic acid as core unit
with the PVP and amino acid. The structure is depicted in Fig. 9. It has wider intramolecular
voids to bioremediate toxic metals such as Hg, Cd and intrafacial interactions.

H

H

Fig. 9. Poly-N-vinyl pyrrolidone oximo-L-Valyl-Siliconate (Singh et al, Bull. Korean Chem.
Soc. 31, 1869, 2010)

20. Tentropy
In general, the dendrimers do have effective tentacles which have effective movements and
entropy induced changes. Fundamentally any effective change that cause a dent in particular
dimension with effective friccohesity incorporating cohesive and frictional forces associated
with dynamic motions is noted as tentropy. This an in significant feature of the biosensors that
lead the message to viable mode and to amply so that a minor change is measurable and
noticed in case of some critical turns. Since friccohesity is a turn force theory (TFT) or dual
force theory (DFT) hence such changes are most desired to be measured in case of the
biosensor sciences. The tentropy is most desired parameter with molecules such as TTGTA.

21. Biosensor science
Truly the biosensor is a most fabulous science and closely associated with thermodynamics
and biothermodynamics. Its friccohesity could offer a most relevant and legitimate
information about the signal sensing which is reported in terms of the chemical change
without disrupting original structure of the biosensor except moderate and reversible
reorientation and motions to suit the signal to be transported and reached to a measuring
devices. Thus the electrochemical signal noted as force is depicted with equation of the net
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force theory where the IMMFT is really immensely related to inner and outer correlation of
the surface and bulk phase structure changes of the biosensors. Such forces could trap with
equation 4 which newly formulated to study weaker and molecular forces in mixtures of
different polarity and thermodynamic changes.
− +
1 ⎡ q w− q w+ q pmq pm ⎤
⎢ 2 − 2 ⎥
Fnimf =Fw − Fpm =
4πε 0 ⎢ rw
rpm ⎥⎦
⎣

(4)

The Fnimf is net intermolecular force, Fw and Fpm as water and polar molecular forces, q
denotes their respective electrostatic poles with r as their distances, the ε0 medium
permittivity. A net intermolecular force is responsible to generate the signal where electronic
charge conduction moves over atoms due to atomic combinations. In general, the molecules
such as oils also develop electrostatic potential (-e2/r) and kinetic energy (p2/2m) in contact
of the Hδ+-O2δ--Hδ+ , a polar water molecule. It generates weaker Vander Waals and Lennard
Jones Potential. The molecular forces, F along several motions, orientations with definite
cohesive forces which are highly useful for acoustics type biosensors and useful for
structural protein unfolding as an excellent model of molecular motions. In general, the
newly developed biosensors have been found in a nanorange depicted in Fig. 10.

Fig. 10. In general, molecular size of the newly prepared biosensor
The φ is volume fraction, Nc or N Avogadro number, r radii of the molecule.

22. Induced electronegativity
When polar molecule is mixed with partially polar molecules the electronegativity is
induced that enhanced higher wetting as compared non-induced electronegativity. The
equation 7 with electrostatic potential (-e2/r) of the water and kinetic energy (p2/2m) of
organic molecules caused stronger interaction with stronger CBF, Van der Waals and
Lennard Jones Potential. A hydrophobicity of organic molecules could be noted that could
also cause several motions, orientations and bond stretching with shear stress and strain.
Pauling described interaction due to electronegativities as in equation given below.
1
eV

⎡ Ed ( AA) + Ed ( BB) ⎤
⎥
2
⎣
⎦

χ A − χ B =1/2 Ed ( AB) − ⎢
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The Ed is dissociation energy, the χA and χB are electronegativities of A-B and A-A and B-B
type molecules such water and p-cresol with a mixing with rise in temperature.
Oscosurvismeter could also be noted as an effective instrument to deal with such molecules
as it tracks osmotic pressure, conductance, surface tension and viscosity together. Also
econoburette for simple titrations could be noted as indicators or sensor for indicating
pollutants in water after doing titrations with this.

23. Sustainable tech for physicochemical characterization of biosensor:
Borosil Mansingh Survismeter
Architectural molecules are the most sensitive and befitting to act as ideal biosensor with
100% activities which are altogether different as compared to ideal molecule with 0%
activities. Thermodynamically ΔGbiosensor < 0 < ΔGideal relationship exits with ΔSbiosensor > 0 ≠
ΔSideal. The ΔG and ΔS stand for Gibbs free energy and entropy respectively. In general ideal
systems are away from thermodynamic systems due to an absence of interactions with them
that generate and design interacting and reacting molecular materials analyzed with green
analytical device noted as Borosil mansingh survismeter. It is most sensitive to elucidate
structural and tentropic changes associated with systems. The biosensor are covered under
interacting and reacting molecular materials (IRMM) developed as academically and
industrially functional materials (AIFM) and currently cover wider industrial and academic
horizons of research and application. Two categories of materials transparently stand
namely (a) thermodynamically, optically, electrically, chemically interacting molecular
materials and (b) thermodynamically, electrically, optically, chemically reacting molecular
materials. Both interaction and reacting molecular materials (IRMM) require accurate and
précised sustainable trusted analytical devices (STAD) for trapping, capturing, modernizing,
manipulating, manifolding molecular potential for developing new and novel materials.
Differentiating and integrating profile (DAIP) of interacting, reacting and allied properties
(IRAP) of molecular materials under material sciences need STAD for prerequisite
experimental analysis (PREA) for efficient quality control, quality formulations and
assurance, testing, calibration and similar others of industrially materials with certain
physicochemical indicators (PCI) with interesting physicochemics and molionic materials.
In this context, surface tension, interfacial tension wetting coefficient, viscosity and
Friccohesity as useful PCI offer ample opportunities in checking potential of biosensor
including cosmetics, petroleum & oils, polymer and textile, paper pulp, soap & detergent,
liquid soaps, drug designing, molecular weight determinations, water binding, holding,
molecular aggregations, polymerization, dissociations, tiers are regularly and routinely
analyzed. Frequent laboratory experiments for such purposes requires manifolds resources,
time, skilled manpower, infrastructure and other accessories are urgently used where
individual devices are failed, discarded redundant, beyond reach, troublesome, tiring,
accessible to accidents and cost intensive. Borosil Mansingh Survismeter, being a green
science STAD measures abovementioned PCI together with 98% saving of experimental
resources, infrastructure and skilled manpower, for Interacting and Reacting Molecular
Materials. It lays down a foundation of new fundamental chemistry noted as
Friccochemistry and most suitable for giants, supramolecular, dendrimers and similar
others. The friccochemistry defines a fundamental science responsible and operation for
creating vacancies of PCI and IMMFT simulations, combinations and synergies. For
example, the thermodynamics and simulations of biphasic systems do cause a practical
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potential for extractions, salting out or in phenomenon for recovery of target drug, proteins
or other molecules. Novel sciences are urgently required for safer and sustainable technique
to detect extra elements present in biosensor molecules as the elements such as halides
(chloride, bromide and iodide), nitrogen and sulphur do induce viable sensing electrostatic
forces for enabling strength to the functional groups. For such identifications Safer
Technique for Sustainable Sodium Extract Preparation for Extra Elements Detection listed as
Nonbreakable Sodium Ignition Apparatus (NOSIA) was developed and used for wider
experimental determinations.
It becomes a milestone in exponentiation and boosting up science and research on
biosensors to open new gateways and explore newer opportunities. Especially chemical
interaction and interfacing (CII) with several interdisciplinary for learning and
understanding complex through laboratory experiments. The surface tension and viscosity
measurements need cost intensive Tensiometer and Brookfield viscometer which he could
not afford. Work on biosensors associated with protein unfolding dynamics needs accurate
and précised surface tension and viscosity data. For few experiments looking for some novel
feature of fluid dynamics but suddenly experimental failed to produce reliable results and
idea was revised and experimented several times but there was no outcome despite best
efforts and economics. The failure led to a novel concept of dealing surface dynamics and
viscous features of BSA protein aqueous solutions. There was a historic moment when a
failure diverted attention to another hidden science of highest potential of measuring
surface tension and viscosity together. Borosil Mansingh Survismeter Singapore Patent no.
126089, New Green Analytical Tech Laboratory Equipment is easily affordable within
ordinary experimental conditions. Borosil Mansingh Survismeter is new and novel
breakthrough in laboratory instrument with wider analytical potential for quality control
and formulations in material applied sciences. It has unique cutting edge and salient
facilities and feature based on n-in-one based on “On and Off” or 0 and 1” circuitry
functional loops.
• Fundamentally, it measures surface tension, interfacial tension, wetting coefficient,
viscosity and Friccohesity together of aqueous, non-aqueous, aprotic dipolar, polar,
protic polar and non-polar solvents and mixtures.
• The absolute and relative parameters are measured with 95.5% CV (confidence
variance).
• It works on theory of R4M4 of materials and methods with highly précised and accurate
experimental results along 100% inhibition of polluting discharges in experimental
determinations.
• The parameters measured with it are highly significant for quality analysis of
pharmaceuticals, biochemicals, cosmetics, agrochemicals, food and beverages, petroleum
and oils, polymer and proteins, sol gels, soaps and detergents, inks, colloids, emulsion
technology, cutting oils, lubricating, viscous, moderately viscous and highly viscous
materials.
• It is especially useful for characterizing liquid mixtures of biopolymers, spuramolecular
chemistry, biotechnological processes and molecular interacting engineering of the
biomolecular devices, tracking interacting molecular forces, water binding capacities
and structural changes during processes.
• It is an asset for volatile, moderately and highly volatile liquids and mixtures, volatile
organic compounds, flammable liquids, carcinogenic materials as samples are
completely jacketed for surface tension determinations.
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Environmental friendly:
• Currently, environmental and user safeties have been in focus and urgent needs, so
steps are being initiated to implement innovative ideas in experimental devices to cop
up and to save recurring in laboratory practices.
• The Survismeter is a most recent practical solution to apply multifaceted, multipurpose,
multidimensional, fast track and most inspiring science.
• The Survismeter is a most defective analytical tool for industries that excellently enrich
a spirit of research initiatives and to commercialize innovative ideas to benefit the
society at large.
• Historically, Inventor Industry Interaction (I3) has been on cards for time immemorial to
resolve the analytical problems in material sciences.
• Since its inception the students and scientists are fascinated to apply it in various fields
of applied sciences like cosmetics, sol gels, drug designing, pesticides, insecticides,
syrups, coatings etc.
• In general, syllabi curricula of graduate and postgraduate classes of
chemistry/chemical technology, pharmacy, physical sciences, do have experimental
provisions for measuring surface tension, interfacial tension, molecular surface areas,
wetting coefficient and viscosity.
• It saves electricity, water, manpower, chemicals, laboratory infrastructure, glass
materials, glassblowing gases LPG, oxygen and others by 97% along 98% reduction in
dissipation of heat contents.
• The equipment works on principle of pressure gradients generated with help of
“Cutting Off and On Devices” in form of continuum and non-continuum models of
fluid dynamics.
• The survismeter is most excellent model for study of Liquid-Liquid Interfaces (LLI) of
two immiscible solvents. In general, homogenous liquid mixtures of components i and j
do follow dGij = 0 where both i and j are fully dissolved and attain equilibrium with
zero value of the Gibbs free energy change (dGij).
Asset for Physical, chemical biophysical, pharmaceutical, biotechnological sciences
laboratories, for measuring surface tension, surface excess concentration, molecular surface
area, interfacial tension and viscosities of samples with single unit. Since centuries, these
parameters are being measured individually with much experimental resources and
laboratory infrastructures.
• The Survismeter has reduced resources including support materials like glass, blowing
gases, manpower, laboratory space, electricity, water, chemicals, by 97%. A statistical
analysis of the resources being used for measuring surface tension, interfacial tension
and viscosity in 219 Indian Universities was made and noted about 98% saving if
Survismeter is used in place of individual apparatuses.
• Apart from Universities and colleges, characterization of materials for coating,
polishing, cosmetics, VOC, thinners, ethers, acetone, hexane, ethanol, benzene, CCl4,
printing, calendaring, dry cleaning, textile cleaning-drying, interior decorations,
fumigation, sprayants.
• Generally nonideal systems of surfactants industrially act as emulsifier, defoaming
agents, spreaders, special detergents, household and industrial detergents, liquid
detergent, industrial application-textile, agriculture, pulp and paper, etc, scouring
agent, emulsion polymerization, dispersant.

169

New Materials for Biosensor Construction

It is safe in handling, sample loading with no hazards and no discharge of polluting
fumes/materials. It occupies minimum laboratory infrastructure.
The Survismeter determines Gibbs adsorption isotherm (surface area Γ, mol m-2), wetting
coefficient of phase forming liquids with high accuracy & precision, and is multipurpose
and fascinating. The surface and interfacial tensions are beneficial to surfactants, waxes,
inks, soaps-detergents, cosmetics, pharmaceutics, oils-petroleum, sol-gels, emulsions
polymers, solvents, supercritical solvent, lubricants, textile and others. The equation given
below explains wetting coefficient of biosensor.
•

ηh2
=
t

0

⎛ η h2 ⎞
⎜⎜
⎟⎟ + Aγ
⎝ t ⎠

The mansingh equation given under also defines Brownian and Boltzmann energy
distribution of biosensors.

⎡⎛ t B ⎞⎛ n
⎞⎤
± ⎟⎜ ± 0.0012 ( 1 − ρ ) ⎟ ⎥
⎠ ⎦⎥
⎣⎢⎝ t0 t ⎠⎝ n0

σ = σ 0 ⎢⎜

The B/t and 0.0012(1-ρ) range from 10-7 to 10-6, and are omitted then equation becomes as
⎡⎛ t ⎞⎛ n ⎞ ⎤
⎟⎜ ⎟ ⎥
⎣⎢⎝ t0 ⎠⎝ n0 ⎠ ⎦⎥

σ = σ 0 ⎢⎜

⎡⎛ tn ⎞ ⎤
or σ = σ 0 ⎢⎜
⎟⎥
⎣⎢⎝ t0n0 ⎠ ⎦⎥

or σ =

σ

0
⎡( tn ) ⎦⎤
t0n0 ⎣

σ

0
= Mc then σ = Mc ⎡⎣( tn ) ⎦⎤ , the Mc is Mansingh constant which illustrate activity
t0n0
coefficient of the biosensor under defined physicochemical constants. The mansingh
constant is a vital tool of friccochemistry applications, efficient and reliable characterizations
and categorization of the biosensors.

Putting
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1. Introduction
Biosensing systems, such as enzyme, immunosensors, and DNA microarrays, are widely
used in the field of medical care and medicine manufacturing [Spochiger-Kuller, 1998].
Recent developments in these devices require a high performance integrated micro-multibiosensing system, which can be employed for the recognition of an individual biomolecule
and the analysis of bioreactions at the single molecular level. Constructing a highly sensitive
biosensing system, precise fabrication of the electrode parts for molecular recognition is of
significant importance. In these context, organic monolayers have self-assemble ability onto
surfaces [Ulman, 1991]. Monolayer-modified electrode is suitable as the template for
ordered immobilization of biomolecules. On the other hand, it is preferable that the
detection system can detect the signal immediately, with a high sensitivity.
Formation of covalently-bound organic monolayers has been particularly developed in the
last two decades. The main benefit of organic monolayers is to add functionality to
inorganic surface via the adaptable tailoring of surface properties. These monolayers keep
the bulk features of the material (electrical, optical, magnetic, mechanical and structural),
while their surface properties (wetting, passivation, bioresistance, biochemical affinity,
etc…) can be tuned through a nanometer-sized grafting.
This chapter provides substantial information on modification of silicon and silicon-related
surfaces by organic monolayers to get the reader acquainted with the different techniques
employed in tailoring the surface properties towards biosensing capability.

2. Silicon and silicon related surfaces
2.1 Silicon surfaces
Silicon was discovered by Berzelius in 1824 and isolated as amorphous brown powder.
Crystalline silicon was first prepared in 1854 as a grey material with metallic luster.
Normally, silicon is prepared by reduction of silica, using different reducing agents. Silicon
has a crystal structure similar to diamond, with Si-Si bond length of 2.3 Å [Cotton &
Wilkinson, 1999].
Cleavage of a silicon crystal results in a large variety of surfaces. Several investigations on
these surfaces have been carried out under ultra high vacuum (UHV) conditions [Hamers &
Wang, 1996]. The surfaces are characterized by their Miller indices, which refer the plane
thorough which the crystal was originally cleaved.
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2.2 Surface orientations of silicon
The most common surface orientations of commercially available silicon are Si(100) and
Si(111), See Fig. 1.
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Fig. 1. Hydrogen-terminated Si(100) and Si(111) surfaces.
Upon exposure to air both become rapidly coated with a self-limiting, thin native oxide
(SiO2) that can be removed thermally under UHV conditions or chemically by immersion in
aqueous fluoride-containing solutions [Buriak, 2002 & Leftwich, et al., 2008 & Sieval, et al.,
2000a & Wayner & Wolkow, 2002]. Typically, Si(100) wafers are treated with 2.5% HF to
yield dihydride-terminated Si(100) surfaces that are on the nanometer scale still rough. In
contrast, Si(111) yields atomically flat terraces with monohydride-termination, (See Fig. 2)
because during etching in argon-saturated 40% NH4F solution the initially rough Si(111)
surface will spontaneously smoothen as a result of the differences in reactivities of different
crystal faces [Allongue, et al., 2000]. Both hydrogen-terminated Si surfaces are sufficiently
stable that they can be handled in air for short periods of time (tens of seconds), allowing
wet-chemical modification routes like the formation of organic monolayers. Because the
lattice constant of thermally grown silicon dioxide (SiO2) matches best with the crystal plane
of Si(100), for electronic devices that use the oxide as an electrical insulator Si(100) is the
most used crystal orientation, since these results in the lowest concentration of defects at the
SiO2-Si interface. However, due to its atomic flatness and nearly defect-free hydrogentermination, Si(111) is the best substrate for new hybrid organic monolayer-silicon devices
[Hamers & Wang, 1996].
2.3 Silicon-related materials
A special attention has given in recent years to the formation of organic monolayers on other
surfaces than silicon, namely, silicon-rich silicon nitride (SixN4, 3.5 < x < 4.5) and silicon
carbide (SiC). The exceptional mechanical and chemical robustness of SixN4 and SiC make
these substrates attractive for applications where harsh conditions and/or when prolonged
exposure are applied. Moreover, SixN4 and SiC have properties that differ from those of
materials commonly used for the formation of organic monolayers (gold, glass, or silicon),
and the chemistry presented herein thus provides the scientist or engineer with more
choices in the selection of a suitable substrate.
Stoichiometric silicon nitride (Si3N4) can form robust insulating coatings, but this material
can develop a very high surface stress that negatively affects its mechanical properties. In
comparison, silicon-rich silicon nitride displays very low residual stress, and can form
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homogeneous coatings by chemical vapor deposition (CVD) [Andersen, et al., 2005]. The
composition of the material can be controlled by tuning the proportions of the compounds
used as precursors in the CVD process (usually NH3/SiH2Cl2). This material is indeed
used commonly, for example, for the coating of micro-fabricated membranes or
microelectromechanical systems (MEMS).
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Fig. 2. H-terminated Si(111) surface, and section analysis along a line across the surface.
Silicon carbide had long been perceived as a potential replacement for silicon in electronic
applications, but it was only in 1989, with the founding of CREE Inc., that SiC LED’s (light
emitting diodes) and high quality wafers became widely available due to the breakthrough
of “step-controlled epitaxy”[Saddow & Agarwal, 2004]. Since then, the quality and
availability of SiC materials have been steadily improved, and applications in high-power
electronics and sensors are increasingly investigated. Application of SixN4 and SiC can even
be enhanced if effective surface modification techniques are becoming available.

3. Organic monolayers on solid substrates
Organic monolayers are layers that are precisely one organic molecule thick, and which are
attached in a dense packing on a solid substrate. The attachment can be weak or strong, and
can rely on either physical adsorption (e.g. electrostatic interactions) or chemical adsorptions
(formation of chemical bonds). From the time when the revolutionary work on organic
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monolayers on gold [Nuzzo & Allara, 1983], glass [Maoz & Sagiv, 1984] and oxidized
aluminum [Allara & Nuzzo, 1985], the field of organic monolayers has grown tremendously,
and nowadays organic monolayers on numerous metals, oxides and semiconductors have
been reported in literature. With these extremely thin organic films (typical thickness ca. 2-5
nm) the surface properties of the underlying substrate can be precisely controlled, and
therefore organic monolayers find rapidly increasing application in many fields of interest,
including surface hydrophilicity and lubrication, surface passivation, chemical and biological
sensing, and molecular electronics [Love, et al., 2005a & b & Onclin, et al., 2005a & b].
Organic monolayers of alkylthiols on gold and alkylsilanes on oxidized surfaces are
obviously the most extensively studied systems (Fig. 3a and b) [Love, et al., 2005a & Onclin,
et al., 2005b & Ulman, 1996]. Due to the high affinity of the thiol group for the gold surface,
the self-assembly of alkylthiol monolayers on gold is a highly flexible process, which is
clearly displayed by the wide variety of functional and rather complex monolayers that
have been prepared [Love, et al., 2005a]. In addition, the semi-covalent nature of the Au-S
bond allows diffusion of already absorbed chains along the surface, and as a result wellordered and nearly defect-free monolayers can be obtained in a simple and reproducible
manner [Love, et al., 2005a & Ulman, 1996]. However, the semi-covalent Au-S bond is also
the shortcoming of these monolayers, because its limited strength provides alkylthiol
monolayers with only moderate thermal and chemical stability. This stability, both
thermally and chemically, is significantly increased by the use of a covalent C-Si-O linkage
to an oxide, as results from the attachment of alkylsilanes onto oxide surfaces [Onclin, et al.,
2005b].
The increased stability comes at a price, however, as the preparation of alkylsilane
monolayers on oxidized surfaces is highly dependent on the reaction conditions, and
therefore considerably less simple and reproducible than achievable for alkylthiols on gold.
In addition, while organosilane-derived monolayers can be prepared with a wide variety of
functional moieties, their long-term applicability remains less than ideal since the interfacial
Si–O bonds are susceptible to hydrolysis.
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Fig. 3. Some examples of organic monolayers: (a) alkylthiols on gold, (b) alkylsilanes onto
glass, and (c) 1-alkenes on oxide-free silicon.
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4. Monolayers on oxide-free, hydrogen-terminated silicon surfaces
Due to the ongoing down-sizing of semiconductor devices, there is a significant interest in
the surface modification of silicon. In this perspective, organic monolayers directly bound to
oxide-free, hydrogen-terminated silicon are interesting candidates as they can easily be
implemented in existing technology for the fabrication of silicon-based micro and nanostructured devices (Fig. 3c). The direct covalent linkage (Si–C bond) to the silicon surface
provides a well-defined organic monolayer-silicon interface, and the nonpolar character of
this strong bond make these monolayers thermally and chemically very robust [Linford, et
al., 1995 & Sung, et al., 1997]. Moreover, because an intervening SiO2 layer is essentially
absent, direct electronic coupling between any organic functionality and the silicon substrate
is possible, which provides an opportunity to enhance the device performance compared to
SiO2-covered electronic devices [Aswal, et al., 2006 & Cahen, et al., 2005 & Hiremath, et al.,
2008 & Salomon, et al., 2006 & Vilan, et al., 2010]. Furthermore, using a semiconductor
instead of a metal as a substrate/electrode has the advantage that – depending on the
desired electronic properties of the final device – semiconductors with different doping
levels and doping types can be used [Boukherroub, 2005 & Cahen, et al., 2005 & Salomon, et
al., 2006 & Salomon, et al., 2007]. As a result organic monolayers on oxide-free silicon have
great potential in the field of biosensors, molecular electronics and photovoltaic devices
[Har-Lavan, et al., 2009 & Maldonado, et al., 2008].
Since the first reports of Chidsey and Linford [Linford & Chidsey, 1993 & Linford, et al.,
1995], numerous new methods have been reported, and nowadays organic monolayers on
oxide-free, hydrogen-terminated silicon can be prepared under a variety of conditions with
both 1-alkenes and 1-alkynes. Over the last ten years several reviews about this topic have
appeared in literature [Boukherroub, 2005 & Buriak, 2002 & Shirahata, et al., 2005].
Although initially harsh conditions (neat 1-alkenes or 1-alkynes with radical initiators and
heat) [Sieval, et al., 1998] were required for the modification of planar silicon surfaces, the
last decade displays a trend towards milder reaction conditions. In 1999 Sieval et al. [Sieval,
et al., 1999] already showed that instead of neat 1-alkenes also dilute solutions of 1-alkenes
can be used for monolayer formation on H-Si(100) under thermal conditions. Subsequently,
Cicero et al. [Cicero, et al., 2000] demonstrated monolayer assembly on H-Si(111) by UV
illumination at room temperature, and Stewart and Buriak reported visible light-promoted
modification of porous silicon with 1-alkenes and 1-alkynes [Stewart & Buriak, 2001 & 1998].
Not much later, it was shown by Sun et al. [Sun, et al., 2005 & Sun, et al., 2004] on planar
silicon surfaces visible light can initiate monolayer formation, even in dilute solutions.
Nowadays, it is widely accepted that monolayer formation occurs via a radical-chain
mechanism on the surface (Fig. 4), even during mild visible light-induced monolayer
assembly at room temperature [Eves, et al., 2004]. However, the exact initiation mechanism
of the radical chain reaction, especially under these mild reaction conditions, is not yet
completely understood. Radical initiators [Linford, et al., 1995] and UV light [Effenberger, et
al., 1998] are capable of breaking the H-Si bond homolytically, which yields silicon radicals
(silicon dangling bonds) that can act as a starting point for the radical chain propagation
(Fig. 4, route 1). In contrast, using thermal conditions [Sieval, et al., 2001 & Sieval, et al.,
2000b] or visible light at room temperature [Eves, et al., 2004 & Sun, et al., 2005 & Sun, et al.,
2004], insufficient energy for homolytic cleavage of the strong H-Si bond is available.
Nevertheless, as evidenced by scanning tunnelling microscopy (STM) (see Fig. 5) monolayer
formation still occurs via island growth [De Smet, et al., 2005 & Eves, et al., 2004 & Mischki,
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et al., 2009]. This implies that propagation of the radical chain reaction still proceeds, but a
different initiation mechanism must be active under mild reaction conditions.
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Fig. 4. The radical chain mechanisms for modification of H-terminated silicon surface with
1-alkenes (1) with radical initiators or UV irradiation and (2) with thermal activation or
visible-light irradiation.

Fig. 5. STM images of hexadecyl monolayers on Si(111) surface taken at different time
imtervals, a) 3 min., b) 15 min., c) 30 min, d) 2 h, e) 15 h and f) 24 h of irradiation with 447 nm
[Eves, et al., 2004].
Inspired by the visible light-induced monolayer formation at room temperature, Sun et al.
[Sun, et al., 2005] proposed an initiation mechanism based on photo-excited electron-hole
pairs (excitons) near the silicon surface. These electron-hole pairs are susceptible to
nucleophilic attack by a 1-alkene or 1-alkyne resulting in the formation of a Si–C bond and a
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carbon radical at the β-position +1 ion (Fig. 3, route 2). This radical can then abstract a
hydrogen atom from an adjacent H-Si site and leaves highly-reactive silicon radical at the
surface. A new incoming alkene or alkyne molecule can react with this silyl radical and in
this way propagate the radical chain reaction at the H-Si surface. However, we note that
although the increasingly milder reaction conditions that were shown to work with
1-alkenes will extend the range of functional groups that can be attached directly onto Si [De
Smet, et al., 2003], at the same time the quality and thus the stability of these organic
monolayers is decreased with respect to those obtained under more harsh attachment
conditions [Sun, et al., 2005].

5. Crucial issues for organic monolayers on silicon
For all potential applications the stability of the monolayer and its oxide-free monolayer
silicon interface are the crucial issues. Both depend, in principle, on the exclusion of water
and oxygen from the monolayer-silicon interface. If water and oxygen can get to the interface
via some defects in the monolayer, they will react with the many remaining H-Si sites (4550% of the H-Si sites remain after completion of an alkyl monolayer) [Cicero, et al., 2000 &
Linford, et al., 1995 & Sieval, et al., 2001 & Sieval, et al., 2000c & Wallart, et al., 2005 & Yuan,
et al., 2003] and some small oxide patches will be formed. These trace amounts of oxide
facilitate hydrolysis-based degradation of the monolayer via an excavation mechanism, and
introduce electrically active interface states that change the electronic properties of the
underlying Si atoms drastically. Thus, the primary role of the organic monolayer is to
provide a hydrophobic environment that is not readily penetrated by water and oxygen
molecules, and therefore the densest possible packing of the monolayer is desirable. As
monolayer formation occurs via a meandering radical chain reaction on the silicon surface,
and because diffusion of already absorbed chains to improve the ordering – as observed for
alkyl-thiol monolayers on gold [Ulman, 1996] – cannot take place due to the strong covalent
Si–C bond, steric hindrance of the covalently bound chains prevents insertion of new chains.
Consequently, filling the last pinholes in the monolayer is hard and thus organic monolayers
on oxide-free silicon are in general less ordered and almost never completely defect free. As
a result the oxide-free monolayer-silicon interface, generally, has a limited long-term stability
[Faber, et al., 2005 & Seitz, et al., 2006]. Furthermore, because many functional groups
(including -OH, -CHO, -NH2, -Br, -SH) are reactive towards a H-Si surface [Asanuma, et al.,
2005 & Boukherroub, et al., 2000 & Faucheux, et al., 2006], preparation of ω-functionalized
monolayers on H-Si is considerably more difficult than, for instance, with alkylthiols on
gold. Here, the use of protected precursors, which do not react with the H-Si surface and
after completion can be deprotected to yield the desired functional monolayer, could offer
an outcome [Böcking, Till, et al., 2007 & Fabre & Hauquier, 2006 & Sieval, et al., 2001 &
Strother, et al., 2000]. However, often quite harsh deprotection conditions are required that
consequently affect the quality of the monolayer-substrate interface. As mentioned above,
also the use of milder reaction conditions could be helpful. A nice example is the carboxylic
acid (-COOH) functionality, which binds to the H-Si surface at elevated temperatures
[Linford & Chidsey, 1993], whereas under mild photochemical reaction conditions carboxylic
acid-terminated monolayers with only small to negligible indications of upside-down
attachment were reported [Perring, et al., 2005]. Nevertheless, hydrogen bonding causes
acid bilayer formation, which makes these monolayers hard to clean while for
further functionalization an additional activation step via carboxylic anhydrides or
N-hydroxysuccinimide (NHS) chemistry is still needed [Fabre & Hauquier, 2006 & Fabre, et
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al., 2008 & Hauquier, et al., 2008 & Strother, et al., 2000]. In addition, we note that the last
years some interesting ω-functionalized monolayers are prepared, which showed no signs of
upside-down attachment, are easy to clean, and allow further functionalization in a single
step [Böcking, T., et al., 2006 & Ciampi, et al., 2007 & Li, et al., 2010 & Ng, et al., 2009 &
Scheres, et al., 2010 & Yang, M., et al., 2008]. Finally, in view of the broad range of available
patterning techniques [Garcia, et al., 2006 & Woodson & Liu, 2007] it is somewhat
remarkable that thus far, only a limited number of patterning routes for organic monolayers
on oxide-free silicon has been reported. In particular, because monolayer formation on H-Si
can be initiated with UV or visible light, mainly photolithographic procedures were applied
[Voicu, et al., 2004 & Wojtyk, et al., 2001 & Yin, et al., 2004]. In addition, micro-contact
printing (μCP) – a fast and simple patterning technique, which is frequently used for
alkylthiols on gold and alkylsilanes on oxide surfaces [Xia & Whitesides, 1998] – is currently
not feasible with 1-alkenes and 1-alkynes directly on H-Si, due to the extended reaction
times required for monolayer formation and related difficulties to remain a oxide-free
monolayer-silicon interface. Only recently a number of elegant soft lithographic [Jun, et al.,
2002 & Mizuno & Buriak, 2008 & Perring, et al., 2007] and scanning probe [Niederhauser, et
al., 2001 & Niederhauser, et al., 2002 & Yang, L., et al., 2005 & Yang, M., et al., 2009] methods
for patterning of organic monolayer on oxide-free silicon were published.

6. Organic monolayers on the surfaces of silicon-rich materials
Alkene-based monolayers were also formed on flat SixN4 [Arafat, et al., 2007 & Arafat, et al.,
2004], (Fig. 6) and 6H-SiC and polycrystalline 3C-SiC [Rosso, et al., 2008b] using thermal
conditions close to those used for the surface modification of silicon. Good quality monolayers
were obtained with several simple alkenes (e.g. water contact angles up to 107 ° for
hexadecene-derived monolayers on both SiC and SixN4, Table 1). The UV-induced formation
of monolayers of semi-carbazide on H-terminated Si5N4 surfaces prepared under UHV
conditions was also reported by Coffinier et al. [Coffinier, et al., 2007]. In addition, methyland ester-terminated monolayers were also formed on Si3.9N4 [Arafat, et al., 2004] and 3CSiC substrates [Rosso, et al., 2008b & Rosso, et al., 2009], using wet etching with HF and UV
irradiation in the presence of alkenes, under ambient conditions of temperature and
pressure. Semi-carbazides and esters can be easily converted to amine [Coffinier, et al., 2007]
and acid groups [Rosso, et al., 2009], respectively, which can serve for further attachment of
biomolecules or biorepelling molecules and polymers [Asanuma, et al., 2006 & Coffinier, et
al., 2005 & Love, et al., 2005a].
The advantage of alkene-based monolayers is their stability, mainly due to the absence of a
silicon oxide layer, and the presence of stable and non-polar Si-C bonds, in the case of Si
[Linford & Chidsey, 1993] and SixN4, [Arafat, et al., 2007] [Rosso, et al., 2008b] and stable CO-C bonds in the case of SiC surfaces [Rosso, et al., 2008a]. Stability measurements revealed
the outstanding stability of thermally produced 1-hexadecene monolayers on SixN4
substrates, in acidic or basic conditions at 60 ºC, with changes in contact angles of less than
5º after 4 h of such a treatment [Arafat, et al., 2007]. On SiC substrates, a good stability is also
obtained after 4 h treatments in 2M HCl at 90 ºC and at pH 11 at 60 ºC, with resulting water
contact angle values of 106º and 96º, respectively (coming from 108/109º for the original
alkyl monolayer) [Rosso, et al., 2009]. Even after 1 h in 2.5% HF solution, under which Si-OSi bonds dissolve rapidly, 1-hexadecene monolayers on SiC still displayed water contact
angles of 99º, which indicates the presence of a stable hydrophobic coating.
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Compound (concentration)
CH2=CH-C20H41 (0.4 M)
CH2=CH-C16H33 (Neat)
CH2=CH-C16H33 (0.4 M)
CH2=CH-C14H29 (Neat)
CH2=CH-C14H29 (0.4 M)
CH2=CH-C12H25 (0.4 M)
CH2=CH-C10H21 (0.4 M)
CH≡C-C16H33 (0.4 M)
CH≡C-C14H33 (0.4 M)
CH2=CH-(CH2)8CO2CH2CF3 (0.4 M)

θ ± 1°
102
107
104
107
106
105
106
104
103
85

Table 1. Water contact angle θ° of different monolayers on Si3.9N4 surface.

Fig. 6. Infrared reflection absorption Spectroscopy (IRRAS) data of modified Si3Nx. (left) CH2
vibrations after reaction of Si3Nx with different 1-alkenes. (right) C=O vibrations after
reaction of Si3Nx with CH2=CH-(CH2)8CO2CH2CF3, before (d) and after (e) hydrolysis with
0.25 M potassium tert-butoxide [Arafat, et al., 2004].
Hydrogen-free diamond surfaces were also reacted under UHV conditions [Buriak, 2001 &
Hovis, et al., 2000 & Knickerbocker, et al., 2003] with alkenes via a [2+2] cycloaddition or
Diels-Alder mechanism. Hydrogen-terminated diamond surfaces could be functionalized
with alkenes under UV irradiation [Knickerbocker, et al., 2003 & Strother, et al., 2002]. The
reaction forms new carbon-carbon bonds, ensuring a robust grafting of monolayers. The
same modification can be applied to amorphous carbon [Ababou-Girard, et al., 2007 &
Ababou-Girard, et al., 2006]. Functional molecules, including DNA could be grafted in this
way to diamond surfaces [Knickerbocker, et al., 2003] and the hybridization with
complementary DNA strands could be monitored on the surfaces. In this case, the surface
reactivity differs from that of silicon: the reaction initiation on diamond and amorphous
carbon surfaces is due to their negative electron affinity [Nichols, et al., 2005] Upon
irradiation with sub-band gap wavelengths, electrons are ejected from the surface into the
surrounding alkenes, causing the formation of charged reactive species in the liquid close to
the diamond surface [Wang, et al., 2007].
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7. Biodetection based on organic monolayers on surfaces
Numerous examples of biodetection using organic monolayers have been described: for
example, those based on fluorescence [Cattaruzza, et al., 2006], Raman scattering [Yonzon, et
al., 2004], ellipsometry [Arwin, 2000 & 2001], infra-red [Liao, et al., 2006] or simply [Masuda,
et al., 2005] have used the specificity of monolayer-functionalized surfaces. The geometry of
the sensor also has a remarkable importance for the realization of the devices. Besides
classical transmission and reflection modes, the need for compact sensors has favored the
development of systems based on optic fibers and waveguide materials to transport light
from the source to the binding area and to the detector [Sharma & Gupta, 2007].
Miniaturized microfluidics sensors, for example, can use silicon oxide or silicon nitride as
waveguide and immobilization platform. In particular, SixN4 is widely used, for example, as
waveguide material in refractometric [Karymov, et al., 1995] or fluorescence [Anderson, et
al., 2008] detection.
Among all optical techniques, one type of surface-based detection technique, surface
plasmon resonance (SPR), has had magnificent success in the last 20 years [Phillips, K.S. &
Cheng, 2007 & Phillips, M.M., et al., 2010]. Surface plasmon resonance (SPR) has been
successful so far for many reasons include the easy cleaning and the infinite reuse of the
sensor. Thiol based monolayers are normally grafted to gold or silver surfaces allow specific
detection of DNA [Buhl, et al., 2007] or organic pollutants [Farré, et al., 2007 & Mauriz, et al.,
2006] and pathogens [Chah & Zare, 2008] with coupling of DNA and antibodies. A
significant improvement has been achieved with the formation of more multifaceted sensing
architectures using the assembly of nanoparticles onto the gold surface of the SPR: the signal
amplification caused by the coupling of the SPR signal with the localized surface plasmons
of the metal or semiconductor nanoparticles (Fig. 7) has resulted in a 1000-fold increase in
sensitivity, allowing the detection of picomolar concentrations, and approaches the
performances of classical fluorescence based detection method of DNA hybridization
[Hutter & Pileni, 2003].

Light Beam

Prism
Metal
Solution
Fig. 7. SPR configuration for SPR detection: the light beam is directed towards the backside
of a metal (gold or silver), by means of a prism. The front side of the metal is in contact with
the solution to analyze. Adsorption of biomolecules on the metal changes the refractive
index of the surface and decreases the intensity of the reflected beam.
The fluorescence of metallic or semiconducting nanoparticles has found their applications in
biosensing and imaging [Bruchez Jr, et al., 1998 & Michalet, et al., 2005]. Similarly to SPR,
the vibrating free electrons oscillations in metal nanoparticles can be together with
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environmental factors result in variations in optical properties [Xu, et al., 2008]. DNA
hybridization on surfaces modified with organic monolayers can cause the subsequent
immobilization of functionalized nanoparticles (sandwich assay) [Bailey, et al., 2003]; their
presence on the glass sensor can then be monitored directly, or after an amplification step,
often carried out by reduction of the metal salt to increase the size of nanoparticles [Yang,
N., et al., 2007].

Target DNA

DNA-functionalized
gold nanoparticle

Fig. 8. Simplified SPR detection: nanoparticle-enhanced SPR.
In a similar way, the aggregation of metal nanoparticles functionalized with thiol-modified
DNA single strands in the presence of the complementary DNA will cause a change in their
melting behavior that can be observed by a change in their optical absorption, fluorescence
or simply the visual aspect of the nanoparticles (Fig. 8) [Elghanian, et al., 1997]. Additionally,
DNA, variations on this method have also enabled the detection of single amino acids or
metal ions [Han, et al., 2006].
An additional use of monolayer-functionalized metal nanoparticles involves the coupling of
their localized plasmon resonance (LSP) with fluorescence [Tam, et al., 2007] or
chemiluminescence: the attachment of fluorescent molecules to metallic nanoparticles via
organic monolayers can result in a dramatic increase in detection sensitivity, making single
molecule detection and imaging possible (Fig. 9).
Another recent interesting sensing technique based on functionalized solid surfaces involves
the use of photonic crystals, a type of mesoscopic structure formed by the periodical
arrangement of nanosized objects. The resulting periodical variation of refractive index
between bulk and void in the crystal causes the appearance of a photonic bang-gap:
typically this causes sharp peaks in the transmission spectrum of the material. The position
of these peaks is highly dependent on the refractive index in the voids of the crystal,
allowing for an optical monitoring of adsorption processes at this location. Even the binding
of small molecules on the highly developed surface of the crystals can cause a significant
frequency shift in the resonant photonic crystal mode.
Several studies have investigated the use of surface-modified photonic crystals for biosensing
applications; in particular, silicon can be used as a material for the fabrication of photonic
crystals sensors, when combined with surface modification by hydrosilylation reactions
with alkenes. Indeed, alkene-based monolayers can be readily formed onto the surface of
porous silicon structures and the attachment and subsequent surface binding events can be
monitored by the shift of the crystal optical band-gap [Alvarez, et al., 2009]. Such a silicon
photonic crystal was developed to monitor the protease activity of biological samples
[Kilian, et al., 2007], by immobilizing the protein angiotensine on the walls of the crystal: the
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degradation of the protein caused by the presence of a protease induces a shift in the
photonic band gap of the crystal.
Free-standing DNA-thiol coated
gold nanoparticles

Aggregated nanoparticles

Complementry
DNA

Fig. 9. Two types of DNA-functionalized gold nanoparticles, which carry different parts of
the sequence to detect, aggregate when the target DNA is introduced, causing a shift in
optical properties and melting behavior.
Besides optical techniques, electrical measurements have been intensively exploited for the
development of biosensors. Metal and semiconductor surfaces coated with organic
monolayers can be characterized by e.g. resistance, impedance or capacitance measurement
[Chaki & Vijayamohanan, 2002]. The wealth of combinations of measurement modes and
functionalized monolayers creates a large variety of sensor designs. Some examples of
sensors include resistivity measurements to detect DNA hybridization [Hianik, et al., 2003],
capacitance measurements to monitor the adsorption of nanoparticle-functionalized
antibodies or the voltammetric detection of copper (II) ions on a gold electrode
functionalized with a thiolderived sequence of chelating amino-acids (Gly-Gly-His, Fig. 10).
Impedance measurements were also used to detect antibody–antigen interaction, by coating
of silicon nitride surfaces with antibodies with an alkylsilane linker. The adsorption of rabbit
immunoglobulin causes a change in the capacitance of the layer, which is used to monitor
the interaction.
An important class of electrical biosensors is constituted by enzymatic electrodes: enzymes
are immobilized onto metal electrodes and usually kept in presence of a red-ox mediator. In
the presence of the analyte to detect (e.g. glucose [Alexander & Rechnitz, 2000], gluconic
acid [Campuzano, et al., 2011], phenolic compounds [Liu, et al., 2006], the enzyme is
converting the mediator into the other red-ox form, which is then detected at the electrode.
Thiols have been extensively used to immobilize enzymes onto gold electrodes, often using
acid-terminated monolayers and the subsequent formation of a strong amide bond with free
amines of the enzyme. For enzyme electrodes, numerous studies describe the use of artificial
bilayer membranes deposited onto electrodes: the two-dimensional liquid environment of
lipid bilayers not only stabilizes the enzyme on the surface but also allows enough
conformational freedom for the enzyme to function like in a natural membrane. Although
artificial membranes are out of the scope of this review, it is important to highlight the
positive role of covalent organic monolayers in the stabilization if these membranes.
Compact linear alkyl monolayers, for instance, have been shown to stabilize bilayers
membranes sitting on top of them [Zhang, et al., 2000]. In other studies, the integration of
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some thiol compound within the bilayers also stabilizes the formation of synthetic
membranes 303 or vesicles; such glycolipid-containing vesicles attached to gold electrodes,
upon binding with concanavalin A, can decrease the typical reduction current of a solution
of Fe(CN) (Fig. 11).
Cl

NH

COO-

HN

O
-

OOC

O
O

N

N

NH

Cu

HN

N

N
O

O
N
H

S

Au

O

2+

Cu2+

Electron transfer
specifically bound
Cu2+
e-

S

Au

Thiol monolayer on gold surface

Fig. 10. Specific binding of copper (II) ions onto gold electrode using a thiol-based
monolayer of oligopeptide (Gly-Gly-His), the detection is carried out by voltammetry.

Fig. 11. Two examples of biomimetic membrane: a) bulky alkyl thiol linker to anchor flat
phospholipid membrane and b) mixed vesicle prepared from glycophospholipids (for the
specific binding of concanavalin A) and linear alkylthiol linkers.
The formation of covalent organic monolayers is an optimal way to control the surface of
inorganic materials. The carefully designed bulk characteristics of a conducting, transparent
or nanostructured inorganic device can be maintained even if surface properties need to be
adapted to changing environments or applications. In this respect, they allow a
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supplementary freedom in the design of nano- and microdevices. However, monolayers not
only serve material science in this secondary function; they are nowadays at the center of
new fields of research, such as nanopatterning or biocompatible surfaces.
So far, we have presented the general methods for the formation of covalent organic
monolayers onto inorganic surfaces and a number of relevant applications where these
nanometer-thick structures play a central role. Despite the wealth of applications, the
fundamental aspects of monolayer formation are still undergoing intensive investigations; a
basic internet query with ISI Web of Science on the topic “organic monolayers” shows an
ever-increasing number of hits since 1990, which reaches almost 400 articles for the year
2008. Considering the current overwhelming trend in favor of nanotechnological research,
which has brought an intense light upon a world dominated by interfacial effects, the
interest in organic monolayers is likely to persist for a long time.
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1. Introduction
Over the past three decades researchers have witnessed an enormous amount of activity in
the area of biosensors. The major processes involved in any biosensor system are analyte
recognition, signal transduction, and readout. Due to their specificity, speed, portability,
and low cost, biosensors offer exciting opportunities for numerous decentralized clinical
applications – point of care systems.
The ongoing trend in biomedicine is to go smaller. For almost a decade, the buzz word has
been nano, and the analytical micro devices are now appearing in the clinic. The progress
within microfluidic technologies has enabled miniaturization of biomedical systems and
biosensors. The down-scaling has several advantages: refined control of fluidics, low sample
consumption, applicability to point of care, and low cost.
Point of care is an emerging field within medical diagnostics and disease monitoring, and
eventually disease control. Employing specially designed micro systems, a patient can be
monitored continuously at bed side, and save precious time on commuting between home,
doctor and hospital. The technological advancements in the biosensor technology within
recent years have accelerated the R&D in point of care devices.
Cost benefit is always an important factor in development of novel medical devices. To
reduce the expenses of biosensors, the use and cleanroom processing of noble metals should
be kept at a minimum. Therefore, we predict a shift in the usage of gold and platinum to
degradable polymer materials.
This chapter will look further into the advantages and applications of all-polymer
microfluidic devices for biomedical diagnostics and compare with traditional systems. In
many biosensor applications, only one analyte is of interest, and preferentially it should be
isolated from an inhomogeneous patient sample. Section 2 provides the reader with an
overview of the different novel microfluidic separation techniques in polymeric devices.
Conductive polymers are the focus of section 3. They have many excellent properties and in
fact, they can compete with gold in many applications. The focus of section 4 is sensitivity
and specificity of biosensors. High sensitivity and specificity is crucial and can be achieved
by functionalization with different molecules. The section will primarily center around the
use of aptamers which is favourable above antibodies. Different detection methods are
applied in biosensors, some of the promising techniques will be summarized in section 5.
Finally, section 6 gives an overview of the current status in biosensor development while
focusing on ongoing research.
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2. Novel microfluidic separation techniques for sample preparation
The progress in microfabrication and lab-on-a-chip technologies is a major field for
development of new approaches to bioanalytics and cell biology. Microfluidics has proven
successful for cell and particle handling, and the interest in microdevices for separation of
particles or cells has increased significantly (Giddings (1993); Nolan & Sklar (1998); Toner &
Irimia (2005)).
Biological samples comprise a heterogeneous population of cells or particles, which is
inconvenient for many biomedical applications, where the objective of study is often just
one species. For example, the isolation of CD4+ T-lymphocytes from whole blood is
essential to diagnose human immunodeficiency virus (HIV) (Kuntaegowdanahalli et al.
(2009)), the isolation of leukocytes is important in drug screening assays, and the isolation of
specific micro particles from blood plasma is critical for our understanding of inflammatory
diseases. Thus, separation of cells or particles has a wide range of applications within
different areas of medicine such as diagnostics, therapeutics, drug discovery, and
personalized medicine (Gossett et al. (2010)).
Flow cytometry has remained the preferred method for cell sorting by many biologists
because the technique is well established and has both high sensitivity and high throughput.
Recently, fluorescence based sorting of cells and particles has also been implemented in
microfluidic devices.
The microfluidic separation techniques are broadly classified as being either passive or
active, depending on the operating principles (Table 1). Active separation of particles
requires an external force (i.e. electrical power, mechanical pressure or magnetic force),
whereas passive separation techniques rely on channel geometry and inherent
hydrodynamic forces for functionality (i.e. pillars, pressure field gradient or hydrodynamic
force). The following section will introduce a couple of novel separation principles with
application in biomedical sensors. For further reading on continuous separation of particles,
see review papers by Lenshof and Laurell (2010), Gossett et al. (2010), and Bhagat et al.
(2010).

Active

Passive

Method

Mechanism

Acoustophoresis

Acoustic waves

Optical tweezers

Optical

Dielectrophoresis

Electric field

Obstacles

Laminar flow

Induced lift

Inertial force

Table 1. Active and passive separation technique with application in biomedical sensors
2.1 Active separation techniques
2.1.1 Acoustophoresis
Acoustophoresis is the separation of particles using high intensity sound waves. In a
microfluidic system, particles with an induced acoustic standing wave will experience a
force towards a node or anti node dependent on their physical properties (Lenshof & Laurell
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(2010)). If two particles suspended in a fluid have opposite acoustic contrast, a separation
will occur gathering one at node and the other at anti-node. Generally, rigid particles will
have negative phase and move toward the node, whereas air bubbles and lipid vesicles
gather at the anti-node (Lenshof & Laurell (2010)). After separation, the properties of the
laminar flow in the microfluidic channel ensure that particles remain at their position in the
channel, hence they can be collected separately with a flow splitter.
Both particles with opposite and similar acoustic contrast can be separated using this
technique. The size of particles will influence the time scale. Large particles experience a
higher force than small than the smaller ones, and thus gather at the node faster than the
small particles. Peterson et al. (2007) described a microfluidic system with three inlets (Fig.
1), where a sample composed of different sized particles was introduced at the sides of a
microfluidic channel with a sheath fluid in the middle to keep particles in close proximity to
channel walls. The system is designed such that an ultrasonic transducer induces a force on
the particles, which forces them towards the middle of the channel. Since the larger particles
experience a higher force than small particles, they large particles immediately gather at the
center of the channel. Particles are thus allocated proportional to their size. Making use of a
flow splitter, particles are separated according to their size. Applying this technique,
Peterson et al. (2007) demonstrated separation of a mixture of different sized particles.

Fig. 1. Acoustophoresis. (a) Particles entering main channel from two side inlets. Particles
are positioned near channel walls because clean sheat fluid is introduced at a third inlet. The
flow of particles is controlled by the acoustic waves, which are introduced by an ultrasonic
transducer. After this point, the particles distribute proportional to size. (b) Flow splitters
are used for separation of different sized particles. Nine fractions of the flow can be gathered
at five outlets (Adapted from Peterson et al. (2007)).
2.1.2 Ion depletion
Ion depletion is a microfluidic technique for separation and concentration of proteins. As the
name indicates, the method is based on ion transfer in a nanofluidic channel (approximately
50 nm in depth). Counter-ions will migrate from the Debye layer through the nanochannel
to a higher extent than co-ions, so that a net transfer of counter-ions is transferred from the
anodic side to the cathodic side. Thus, the concentration of counter-ions decreases on the
anodic side and an increase is achieved on the cathodic side. If a protein in solution is part of
the co-ion population, this protein will be trapped in a plug on either side of the ion
depletion region, and is hence separated from the bulk solution. The principle of ion
depletion is illustrated on Fig. 2 and 3 (Wang et al. (2005)).
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Fig. 2. Nanofluidic protein concentrating device by ion depletion: (A) Layout of the device.
(B) Schematic diagram showing the concentration mechanism. Once proper voltages are
applied, the trapping region and depletion region will be formed as indicated. The ET
specifies the electrical field applied across the ion depletion region, while the En specifies
the cross nanofilter electrical field (Adapted from Wang et al., (2005)).
2.2 Passive separation techniques
2.2.1 Obstacles
Obstacles arranged in microfluidic channels are commonly applied for preventing particles
from entering certain areas or used to manipulate the flow of fluid in a microchannel.
Deterministic lateral displacement is a method for size separation of particles or cells,
accomplished by placing posts asymmetrically in a microchannel (Fig. 4) and thus forcing
particles of different sizes to follow different flow paths.
2.2.2 Spiral microchannels
Separation of particles in a spiral microchannel was described by Kuntaegowdanahalli and
colleagues (2009) (see Fig. 5).
It is a passive separation technique based on the centrifugal force. Centrifugal based
techniques have been demonstrated using flows in curvilinear microchannels (Gregoratto et
al. (2007); Seo et al. (2007)). In general, the flow of fluid through a curvilinear channel
experiences a centrifugal acceleration, directed radially outward. The channel geometry
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Fig. 3. Mechanism of preconcentration in the nanofilter device (A) No concentration
polarization is observed when a small electrical field (En) is applied across the nanofilter.
(B) As the En increases, the transport of ions becomes diffusion-limited and generates the
ion depletion zone. However, the region maintains its electroneutrality. (C) Once a strong
field (En) is applied, the nanochannel will develop an induced space charge layer, where
electroneutrality is no longer maintained. (D) By applying an additional field (ET) along the
microfluidic channel in the anodic side (from VS to VD), a nonlinear electrokinetic flow
(called electroosmosis of the second kind) is induced, which results in fast accumulation of
biomolecules in front of the induced space charge layer. (Adapted from Wang et al. (2005))
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Fig. 4. Deterministic lateral displacement (Adapted from Gossett et al., (2010)).

(a)

(b)

(c)

Fig. 5. Spiral microschannels. (a) Neutral buoyant particles suspended in a medium in a
spiral shaped channel experience forces and drag. Resultantly, particles redistribute within
the microchannel. (b) Schematic representation of spiral channel for particle separation.
(c) Different sized particles equilibrate at different positions in microchannel, and are
collected at different outlets. (Adapted from Kuntaegowdanahalli et al. (2009) and Bhagat
et al. (2008)).
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gives rise to vortices, which are exploited for separation of different sized particles. Particles
in the center of the channel will experience a drag away from the center, whereas particles in
the proximity of the channel walls experience repulsion from the walls. Consequently,
particles align at four equilibrium positions in the channel and different sized particles can
thus be collected at different outlets (Bhagat et al. (2008); Di Carlo et al. (2007)).

3. Conductive polymers for sensing
Modern biosensors for medical diagnostics must be specific, quick, and producible at
reasonable cost. A major cost factor is the electrode material - often a noble metal demanding extensive production steps in cleanroom facilities. To cut down on these
expenses there is a trend to utilize conductive polymers for sensing. This section will give an
introduction to advantages of conductive polymers compared to noble metals, and guide
through the considerations associated with selecting an appropriate polymer material for
biosensor applications.
3.1 Polymers or metals?
The application of polymers as supporting materials in microfluidic systems is well
established, however the electronic sensing units in most chips are fabricated from metallic
conductors such as platinum or gold.
Biocompatibility, high sensitivity and specificity are a demand in modern medical
biosensors. Biocompatibility is required because some biological applications involve living
cells, bacteria or virus. High specificity and sensitivity is essential for detecting highly
diluted analytes in biological samples, because the samples contain a cocktail of similar
components, which can influence a measurement. All of these requirements can be fulfilled
by the metal electrode materials such as solid platinum or gold (Prodromidis & Karayannis,
2002). Though, a major disadvantage of the noble metals is the high cost, which is
continuously increasing.
Conjugated polymers are an alternative to the traditional electrode materials. The electronic
structure of these compounds gives them properties similar to inorganic semiconductors. In
1977, Shirakawa et al. discovered that doping polyacetylene with halogens increased the
conductivity by up to four orders of magnitude. The following research on this topic by
Shirakawa, MacDiarmid and Heeger was awarded with the Nobel prize in chemistry in
2000.
Over the years, electronically conductive polymers have been proposed for many
applications (Jagur-Grodzinski, 2002; Olson et al., 2010) - from biomedical sensors to
nanowire integration in photovoltaic cells or printable RFID antennae - yet only few have
made it to the market. Among those are electrochromic coatings for windows, antistatic
coatings, organic light emitting diodes (OLEDs), corrosion protection for metals or surface
finish for printed circuit boards (Groenendaal et al., 2000; Gustafsson et al., 1994; Wessling,
2001).
The usage of conductive polymer electrode in biosensor application is rising. The immediate
advantage of conductive polymer electrodes is the much lower cost of the raw materials and
the inexpensive production steps. Certain polymers offer high biocompatibility and options
for modifying the properties by varying side groups. This can be useful for probe
immobilization, which is a crucial procedure in biosensors. Conductive polymers allow a
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broad range of chemical modifications for covalent attachment of enzymes, antibodies, DNA
or other bioprobes (Sarma et al., 2009; Teles & Fonseca, 2008).
In summary, replacing metals with polymers as electrode material does not only limit the
cost on the materials themselves, but also allows for the inexpensive mass production by
modern ink-jet printing methods (Loffredo et al., 2009; Mabrook et al., 2006) or agarose
stamping (Hansen et al., 2007).
3.2 Polymer selection
As mentioned in section 3.1, biocompatibility is a very important factor in selecting an
appropriate polymer. Biocompatibility is mainly influenced by the intrinsic toxicity of a
material but also by hydrophilicity. Many conjugated polymers suffer from degradation
because of irreversible oxidation processes, or they lose their conductive properties over
time. A constant and reliable signal is crucial for sensor devices, and accordingly the
polymer should be stable over a certain period of time.
In order to provide a good signal to noise ratio in electrochemical measurements, a low
ohmic resistance (i. e. high conductivity) is preferred. Currently, these requirements are met
by few polymers on the market.
3.2.1 Polypyrrole
The physical properties of Polypyrrole (PPy, figure 6(a)) makes it suitable for biosensor
applications. PPy has high decomposition temperature (180–237 °C), glass transition
temperature (Tg , 160–170 °C), and relatively high conductivity of up to 3 S·cm−1 (Biswas &
Roy (1994)). Besides, PPy has a good environmental stability and different facile processing
methods (Wang et al. (2001)).

(a) Ppy

(b) PEDOT

Fig. 6. Monomer units of (a) polypyrrole (PPy) and (b) poly(3,4-ethylenedioxythiophene)
(PEDOT).
In 2005, Dubois et al. developed a PPy based biosensor for label-free detection of peanut
agglutinin. The lactosyl probe unit was immobilized on a biotinylated PPy film via avidin
bridges. Their findings demonstrated that the bioprobe could be immobilized directly on the
functionalized electrode surface, facilitating label-free detection by electrochemical methods.
There are different strategies to functionalize the electrode surface, and another approach
was described by Campbell et al. (1999). They incorporated human erythrocytes into the
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PPy matrix, and upon capture and binding of Anti-Rhesus (D) antibody, a resistance change
could be detected. Other techniques will be discussed in section 4.
3.2.2 PEDOT
Improved properties compared to PPy were found for poly(3,4-ethylenedioxythiophene) or
PEDOT. It is either chemically or electrically polymerized from the commercially available
monomer 3,4-ethylenedioxythiophene. As can be seen in figure 6(b), it has some structural
similarities with PPy. PEDOT has exceptional high conductivity (up to 600 S·cm−1 ), high
environmental stability and is biocompatible and transparent for visible light. The most
common dopants used for PEDOT are poly(styrene sulfonate) (PSS) and tosylate (Rozlosnik
(2009)).

Fig. 7. Glucose oxidase is imprisoned inside a PEDOT microtube covered with a nonconductive polymer (Park et al., 2008).
The work by Balamurugan & Chen (2007) and Vasantha & Chen (2006) show the high
potential and superior qualities of PEDOT, and this conductive polymer has been employed
in a number of biosensor microdevices.
An interesting study was presented by Kumar et al. (2006). A biosensor was developed to
determine the concentration of the important mammalian neurotransmitter, dopamine via
an electrochemical process. Since the concentration of ascorbic acid is around a thousand
times higher than dopamine in a biological sample, and the two analytes have similar
electrochemical potentials, the challenge was to measure the concentration of dopamine in
presence of ascorbic acid. Kumar et al. (2006) employed glassy carbon electrodes coated
with PEDOT, and their findings demonstrated significant peak separation and improved
anti-fouling properties compared to the more common electrode material glassy carbon,
making PEDOT a good candidate for further applications in this field.
Glucose detection for blood sugar monitoring of diabetes patients is a huge and growing
market for disposable biosensors. The established commercial systems make use of metal
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electrodes (typically Pt) coated with a gel containing the enzyme glucose oxidase, and the
effectively measured agent is thus the oxidation product, hydrogen peroxide (H2O2 ).
In contrast to the direct oxidation of dopamine on the electrodes in the example above, this
indirect detection of glucose is more complicated. Considering the current market price of
platinum of about 41 €/g (http://platinumprice.org), replacing the electrode material with a
low cost polymer such as PEDOT seems sensible. Park et al. (2008) imprisoned glucose
oxidase in hollow PEDOT micro-tubules on an indium-tin-oxide (ITO) glass surface (figure
7). In this configuration, the enzymes are surrounded by the electrode, and therefore their
activity is not constrained by immobilization on a surface or incorporation into a polymer.
Although the performance of this biosensor cannot meet the requirements of a classic
system, it can be refined by increasing the enzyme density or improving the conductivity.
Many biosensors for pathogen detection are based on antibodies as probes, and deliver an
indirect signal. These immunosensors require a fluorescently tagged second antibody,
which reacts with occupied immobilized antibodies in a so-called sandwich assay.
A different approach was tested by Kim et al. (2010), who worked on the development of a
point of care system for prostate specific antigen/α1-antichymotropsin (PSA-ACT) complex
detection. This cancer marker is associated with prostate tumors and important for
preoperative diagnosis and screening. Instead of using the conventional optical methods,
they constructed an organic electrochemical transistor (OECT) based on PEDOT. The
antigen was captured by immobilized antibodies on the conductive polymer. For signal
enhancement, a secondary antibody with a covalently tethered gold nanoparticle was used.
The system provided a detection limit as low as 1 pg·mL−1 and is thus sensitive enough for
reliable PSA-ACT analysis.
3.2.3 PEDOT derivatives
A field effect transistor (FET) based biosensor was demonstrated by Xie et al. (2009). The
working principle is fundamentally different, considering it uses conductive polymer
nanowires, which were electropolymerized between two gold electrodes. For minimizing
the distance between polymer and binding event it was necessary to couple the probe
(an aptamer, see also section 4.3) directly to the electrode material. Normal PEDOT offers
no possibility for covalent bonding of other molecules, so a derivative bearing a carboxylic
acid group was used. With this functional group the oligonucleotide for thrombin
detection was attached with a simple 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/Nhydroxysuccinimide procedure (see section 3.3, (EDC/NHS)). Thrombin binds specifically
to aptamers and becomes immobilized on the surface. The positively charged protein
influences the transistor, so that the current flow changes. This type of biosensor has a broad
dynamic range covering the physiologically interesting thrombin concentration range from
a few nanomoles to several hundred nanomoles.
Other PEDOT derivatives have also been investigated (Akoudad & Roncali, 2000; Ali et al.,
2007; Daugaard et al., 2008). The structural formulas of the most commonly used monomers
are shown in figure 8; PEDOT-OH is more hydrophilic than normal PEDOT, and the azide
modified PEDOT-N3 polymerizes slowly and has decreased conductivity. The only
commercially available monomer is (2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanol
(commonly known as hydroxymethyl-EDOT or EDOT-OH) (8(a)), and it can be used as a
basis for further modifications.
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3.3 Coupling methods
There are different techniques for immobilization of biomolecules (e.g. DNA) on an
electrode surface. The most popular methods are formation of a biotin-streptavidin complex,
formation of different covalent bonds like esters or amides, or click chemistry.

(a) EDOT-OH

(b) EDOT-COOH

(c) EDOT-N3

Fig. 8. Different derivatives of 3,4-ethylenedioxythiophene (Ali et al., 2007; Daugaard et al.,
2008).
3.3.1 Biotin-streptavidin complex
Streptavidin is a protein consisting of four identical subunits, each of which has an
extremely high affinity for biotin. A biotinylated surface can be coated with streptavidin so
it offers reactive sites for fixation of likewise biotin tagged (bio)molecules. The biotinstreptavidin interaction is one of the strongest non-covalent bonds in nature and it is very
specific. Moreover, the system is easy to handle and very biocompatible.
Despite the many advantages of streptavidin, a major drawback is the instability at low or
high pH values, and high temperature. For some detection methods the rather thick protein
layer between electrode and probe can substantially decrease the sensitivity of the sensor.
3.3.2 Covalent bonding
Different activation methods have been used for a long time in chemistry, which
requires the availability of certain functional groups on the surface. The activation of a
carboxylic acid group with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) is often applied for amide-bond formation under mild
conditions and can be used for binding molecules bearing free amino groups (Balamurugan
et al., 2008; Xie et al., 2009).
For hydroxyl functionalized polymers and target molecules, a technique from DNA
synthesis can be employed. The alcohol groups are activated with phosphoramidites to form
a phosphoester, which then reacts with another hydroxyl moiety and links the target
molecules covalently to the surface (Pirrung, 2002).
3.3.3 Click chemistry
A very elegant approach for probe immobilisation is the usage of so called “clickchemistry”. In the Cu-catalysed Huisgen-type 1,3-cycloaddition suggested by Daugaard et
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al. (2008) an azide reacts in high yield with an alkyne to form a five-membered heterocycle.
This bond is very stable and also the precursors have advantages such as stability toward
hydrolysis and dimerization or ease of introduction (Kolb et al. 2001).
However, the azide functionalization of PEDOT downgraded its conductive properties
significantly and remaining Cu catalyst could influence biological systems.

4. Electrode functionalization
Functionalization of electrodes is essential for achieving high sensitivity and specificity of
electrochemical biosensors. This section provides an overview of the current trend in
electrochemical sensors for medical diagnostics.
4.1 Recognition of pathogens
Point of care diagnostic devices present a viable option for rapid and sensitive detection and
analysis of pathogens. Biosensors can play an important role in the early diagnosis of acute
viral disease and confine the spread of virulent disease outbreaks. Biosensors can also play
an important role in early detection and diagnosis of cancer and autoimmune disorders
based on specific biochemical markers.
As discussed in section 2, separation and isolation of large quantities of a specific analyte
would be preferable for many medical applications.
Patient samples comprise of a heterogeneous population of particles and cells, hence
challenging the isolation of a single species in a high background concentration. For this
reason, biosensors must be very specific and sensitive, allowing precise detection of very
small quantities.
4.2 Antibodies
Many techniques for preparing functional biological surfaces for studies of cells, viruses or
disease markers have been described in the literature. Refer to 3.3 for an overview of
different coupling methods.
Immunoglobulins (IgG) are large Y-shaped proteins produced by the immune system, and
are most abundant in blood plasma. Two identical antigen binding sites are formed from
several loops of the polypeptide chain. These loops allow many chemical groups to close in
on a ligand and link to it with many weak (non-covalent) reversible bonds. An antibodyantigen bond is highly specific because of the molecular structure of the protein.
Antibodies are the most common recognition molecule in biosensors. It is a naturally
occuring protein and can only be produced in a host against immunogenic substances,
giving rise to batch variation and a limited target range. For research purposes, monoclonal
or polyclonal antibodies can be applied as recognition molecule. Typically, monoclonal
antibodies will ensure a higher specificity than polyclonal antibodies.
In medical sensor applications, functional orientation of the antibodies on the surface is
crucial to ensure high sensitivity and specificity. It can be achieved by immobilizing the
proteins on a supporting layer of protein A.
4.3 Aptamers
For many years, antibodies have been applied for surface functionalization in biosensors,
ensuring specificity and sensitivity of sensors. Artificial nucleic acid ligands - known as
aptamers - can cover the same field of application as antibodies. In the recent years, the use
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of aptamers has increased (Han et al. (2010); Syed & Pervaiz (2010)), and they are in many
ways superior to antibodies, as it will be disscused in this section.
4.3.1 The properties of aptamers
Aptamers are oligonucleotides with a typical length of forty to eighty basepairs, and were
discovered in the 1980’s as naturally occurring regulation elements in prokaryotic cells, and
they showed high affinity for viral and cellular proteins.
In 1990, Tuerk & Gold developed a convenient process for in vitro aptamer production, the
so-called systematic evolution of ligands by exponential enrichment (SELEX, see in section
4.3.2).
Aptamers are in many regards better than antibodies as summarized in table 2. The affinity
for the target molecules of aptamers is similar to antibodies, and in some cases even higher
compared to antibodies. The specificity is also higher for aptamers, as they can distinguish
between targets of the same family, like it was shown for the molecules caffeine and
theophylline (Zimmermann et al., 2000). Selection and production of the nucleic acid ligands
can be done in vitro, and once the correct sequence has been determined, the
oligonucleotide can be synthesized in an automated chemical procedure. The range for
possible target molecules is very wide and - in comparison with the mentioned biomolecules
- comprises all kinds of smaller ions, organic compounds and even whole cells. Contrary to
antibodies, aptamers can be selected against toxic compounds.
Due to the chemical synthesis, there is no significant batch variation and it allows for easy
chemical modification, like attachment of certain end groups for surface immobilization.
Reversible thermal denaturation makes aptamers potentially recyclable and their very high
stability promises long self life (Lee et al., 2008).
4.3.2 The SELEX process
Aptamer production is accomplished in the SELEX (Systematic Evolution of Ligands by
Exponential Enrichment) process (see figure 9). A pool of single stranded oligonucleotides
with a random section of about 25 to 70 basepairs (the library) is incubated with the target
molecule. Some nucleic acid strands will interact with the target molecule and form strong
non-covalent bonds. Target-DNA-complexes are partitioned from unbound DNA. After
dissolution of the complex, the selected oligonucleotides are amplified in a standard PCR
process. DNA strands are separated and the whole procedure is repeated for up to 20 times
in order to select the best fitting sequences.
If RNA is used, a transcription step must be inserted before and after PCR. In order to
increase specificity for the target molecule and exclude unspecific binding, counter selection
steps can be employed. In those selection rounds no target is used and DNA strands with
affinity to the support and container material are removed from the pool
4.3.3 Biosensor applications
In order to eliminate systematic problems with sandwich assays, the development of label
free biosensors is an interesting topic. Xiao et al. (2005) modified a thrombin specific
aptamer with a thiol group for immobilization on a gold surface. The strand was partially
hybridised with a not fully complementary strand bearing a methylene blue (MB) tag.
In presence of thrombin, the strands separated and the MB redox tag was approximated to
the Au surface (figure 10(a)).
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Repeat
process
Protein target
of interest

Incubate with
specific target

Partition bound from
unbound aptamers
Amplify selected aptamers

Fig. 9. The SELEX process for use with a DNA library (Nimjee et al. (2006)).
Similar signal-on detectors were developed by Baker et al. (2006) and Lai et al. (2006). The
single stranded aptamer had the ability to hybridize with itself and form three loops upon
target binding (see figure 10(b)). The conformational change brings the MB tag in proximity
to the gold surface and allows for an electrical measurement. Both systems could be
regenerated to a high degree, and thus are potentially reusable. Baker ’s system could detect
cocaine concentrations as low as 500 µM in biological fluids even in the presence of
contaminants.
So et al. (2005) attached thrombin binding aptamer to a single walled carbon nanotube
(SWNT) which connected two electrodes.
Binding the charged protein induced an electrostatic gate potential and changed the sourcedrain current. The field effect transistor (FET) biosensor was able to detect thrombin in a
concentration range of 10 – 100 nM.

Affinity
Specificity
Production
Target range
Batch
to
batch
variation
Chemical
modification
Thermal denaturation
Shelf life

Aptamers
Low nM – pM
High
In vitro chemical process
Wide: ions – whole cells
Little or no

Antibodies
Low nM – pM
High
In vivo biological process
Narrow: immunogenic compounds
Significant

Easy
straightforward
Reversible
Unlimited

Limited

and

Irreversible
Limited

Table 2. Differences between aptamers and antibodies. Advantages are emphasised (Lee et
al., 2008
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Fig. 10. Aptamers with a methylene blue redox tag for thrombin (a) and cocaine detection
(b). The binding event induces a conformational change in the aptamer and brings the redox
active tag closer to the gold surface Baker et al. (2006); Lai et al. (2006). An analogue sensor
was described earlier in section 3.2. Xie et al. (2009) used carboxylic acid modified PEDOT
nanowires instead of SWNTs as FET.

5. Electrical detection methods
The electrical detection has traditionally received the major share of the attention in
biosensor development. Such devices produce a simple, inexpensive and yet accurate and
sensitive platform for patient diagnosis. The name electrochemical biosensor is applied to a
molecular sensing device which intimately couples a biological recognition element to an
electrode transducer. The purpose of the transducer is to convert the biological recognition
event into a useful electrical signal.
Electrochemical systems are extremely sensitive to the processes that take place on the
surfaces of the electrodes, and in this sense the electrodes are direct transducers in
biomedical applications. Several types of electrochemical methods are used in biosensors;
the two most common ones are the amperometry and impedance spectroscopy (EIS) (Lazcka
et al. (2007)). Recently, all-polymer field effect transistors for biosensing have been
introduced (Lee et al. (2010)).
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5.1 Amperometry
Amperometry is a method of electrochemical analysis in which the signal of interest is a
current that is linearly dependent upon the concentration of the analyte. As certain chemical
species are oxidized or reduced (redox reactions) at the electrodes, electrons are transferred
from the analyte to the working electrode or to the analyte from the electrode. The direction
of flow of electrons depends upon the properties of the analyte and can be controlled by the
electric potential applied to the working electrode.
Amperometric biosensors operate by applying a constant potential and monitoring the
current associated with the reduction or oxidation of an electroactive species involved in the
recognition process. The amperometric biosensor is attractive because of its high sensitivity
and wide linear range.
5.2 Conductivity and impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) combines analyses of both the resistive and
capacitive properties of materials, based on the perturbation of the system by a smallamplitude sinusoidal AC signal. The impedance of the system can be scanned over a wide
range of AC signal frequencies. The amplitude of the current, potential signals, and the
resulting phase difference between voltage and current dictates the system impedance
Therefore, the impedance signal is dependent on the nature of the system under study.
Equivalent circuit models fitted to the impedance curves are useful tools for characterizing
the system. Although this methodology is widely accepted because of ease of use, extreme
care must be taken to ensure that the equivalent circuit obtained makes physical sense. An
advantage of EIS compared to amperometry is that redox labels are no longer necessary,
which simplifies the sensor preparation.
5.3 Organic field effect transistors
Organic field effect transistors (Organic FETs) have a potential being the active matrix for
many electronic devices, including biosensors for biological material. An organic field-effect
transistor consists of a source and drain electrode, an organic semiconductor (which is in
this case a conductive polymer), a gate dielectric, and a gate electrode. A number of different
studies have demonstrated conductance-based sensors employing a molecular receptor
layer immobilized on the surface of a semiconductor device. The receptor molecules provide
the means to achieve highly selective sensing because they can be engineered to have much
higher binding affinities with the desired target molecules than the other species in the
analyte solution (see section 4). Although the organic FET is a promising candidate for
biosensor applications, optimization of the device structure and operating conditions is still
required.

6. Outlook
In recent years, fascinating developments of a wide range of commercial applications have
occurred. Elegant research on new sensing concepts has opened the door to a wide variety
of microsystem based biosensors for clinical applications. Such devices are extremely useful
for delivering diagnostic information in a fast, simple, and low cost fashion, and are thus
uniquely qualified for meeting the demands of point of care systems, e.g. for cancer
screening. The high sensitivity of the modern biosensors should facilitate early detection
and treatment of diseases, and lead to increased patient survival rates.
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In the future, one of the main challenges is to bring the new biosensor techniques to bed side
for use by non-laboratory personnel without compromising accuracy and reliability. The
internal calibration and reference is also a major requirement, and provoke researchers to
reshape the existing methods. From a clinical point of view, the in vivo biosensors that are
biocompatible and can remain in the body for weeks or months will also be a demand.
Special attention should be given to non-specific adsorption issues that commonly control
the detection limits of electrochemical bioaffinity assays. The stability of biosensors remains
an important issue in the fabrication and use of these devices for many application areas.
By measuring abnormalities within few minutes, disposable cartridges containing electrode
strips and simple sample processing could offer early and fast screening of diseases in a
point of care setting.
It has become apparent that the field of polymer biosensors has reached a new level of
maturity. In the near future it is highly likely that pathogen detection will undoubtedly
benefit from the integration of biosensors into all-polymer microdevices, and thus in some
regards revolutionize the medical diagnostics.
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1. Introduction

Phenolic compounds are industrial chemicals widely used in the manufacture of products.
Most of them are generated artificially and are found in the wastewaters from chemical
plants, exhaust gases from incinerators, the side stream smoke from cigarettes. They are
easily adsorbed in humans, regardless of their form. High levels of phenols have been
shown to have detrimental effects on animal health, and some phenolic compounds are
reportedly carcinogenic (N. Li et al., 2005) and allergenic (Haghighi et al., 2003), and due to
their toxic effects, their determination and removal in the environment are of great
importance.
Biosensors can make ideal sensing systems to monitor the effects of pollution on the
environment, due to their biological base, ability to operate in complex matrices, short
response time and small size. The determination of phenol and its derivative compounds is
of the environmental greatness, since these species are released into the environment by a
large number of industries, e.g. the manufacture of plastics, dyes, drugs, antioxidants and
waste waters from pulp and paper production. This group of biosensors is of great interest
because of their application in food and pharmaceutical industry.
Among enzymes, laccases and tyrosinases (Duran et al., 2002) or horse-radish peroxidase
(Freire et al., 2001) as well as polyphenol oxidase are groups of enzymes that catalyze the
transformation of a large number of phenolic compounds. The mechanism for tyrosinase,
laccase and peroxidase in the electrochemical biosensors are different. Enzyme molecules
are re-reduced by phenolic compounds after they were oxidized by oxygen (for tyrosinase
and laccase) or hydrogen peroxide (for peroxidase) on the surface to the electrode. The
tyrosinase biosensors are applicable to the monitoring of phenolic compounds with at least
one free ortho-position. On the other hand, the laccase biosensor can detect phenolic
compounds with free para- and metha- position with a complicated catalytic cycle.
Horseradish peroxidase (HrP) based biosensors are most sensitive for a great number of
phenolic compounds since phenols can be act as electron donors for peroxidase (Yang et al.,
2006).
As seen, phenolooxidases have wide substrate specificity and a great potential for the
determination of phenolic compounds. Furthermore, fungal laccases catalyze demethylation
reactions an important and initial step of the biodegradation process of the lignin polymer
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chain, and subsequently decompose the lignin macromolecule by splitting aromatic rings
and C–C bonds in the phenolic substructures (Freire et al., 2001).
In enzymatic devices, efforts have been concentrated on the control over enzyme activity,
which is highly dependent on the interface between the nanocomposite and the enzyme.
Such control has led to immobilization techniques suitable for anchoring the enzyme close
to electrode with preservation of biological activity. In these type of devices, where
preservation of the enzyme activity at the nanocomposite/enzyme interface is the key for
designing efficient electrode, charge transfer between enzyme and electrode should be fast
and reversible. This charge transfer may be also optimized with some mediating particles
being used in conjunction with the biological molecules at the electrode surface. Conducting
polymers are often used as support materials for amperometric biosensors (Kuwahara et al.,
2005). The interlaced polymer is expected to facilitate the electron transfer as well enhancing
the sensor sensitivity.
It is essential for the sensitivity of the system that the recognition units have optimized
surface density, good accessibility, long-term stability and minimized non-specific
interactions with compounds other than the analyte. Such model molecular assemblies can
be prepared by Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) techniques in which
we have to the moment successful experience (Cabaj et al., 2010a; Cabaj et al., 2010b), layerby-layer (LbL) or by employing self-assembly monolayers (SAMs) as well as
electrodeposition. Construction of novel phenol detecting biosensor is challenge for new
technologies and the key problem is modification of electrode by enzyme using thin film
preparation methods.

2. Hybrid thin film fabrication
Proteins are usually adsorbed on the surface of a solid substrate in a disordered orientation
and are apt to suffer from conformational change, which renders the functional sites
inaccessible to interacting molecules and substrates for enzymatic reactions (Kumada et al.,
2007; Nakanishi et al., 2001). The extent of the conformational change of proteins in their
adsorbed state differs with the type of protein, the kinds/states of the surface including
hydrophobicity/hydrophilicity, and with the environmental conditions, such as
temperature, pH, and ionic strength of the solution.
Most immobilization methods developed thus far involve modification or coating of the
surface with appropriate substances to change the surface property and/or provide
functional groups for the binding of protein (Zhu & Snyder, 2003). On the other hand,
immobilization of proteins on a bare surface with no modification utilizes specific
interactions between the protein and the surface, which includes immobilization on the Au
surface via thiol (sulfhydryl) groups and necessitates using an affinity peptide that is specific
to the particular surface. Conceptual schemes for the various immobilization methods are
summarized in Table 1.
2.1 Non-covalent immobilization
2.1.1 Physical adsorption
Extensive work in area of biosensors is mainly connected with immobilization of protein in
miniaturized structures, which may also contain hybrid materials for enhancing sensitivity
and selectivity (Siqueira et al., 2010). Many biosensing devices integrate biomolecules with
metal nanoparticles (Debabov 2004), carbon nanotubes, solid matrices (S.N. Kim et al., 2007)
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and polymers (Hammond 2004). Proteins can be immobilized in a variety of structures as in
transmembrane pores, and phospholipids Langmuir-Blodgett/Langmuir-Schaefer films,
layer-by-layer (LbL) structures (Cabaj et al., 2010a; Cabaj et al., 2010b). For electrical
detection, in particular, mediators or conducting matrices may be used to enhance
conduction.
Immobilization
method

Surface for
immobilization

Capturing mechanism

Ref.

Physical
adsorption

Polystyrene,
nitrocellulose, LB/LS,
LbL films

Physical adsorption

Cabaj
et al., 2010a;
Cabaj
et al., 2010b;
Nakanishi
et al., 2008

Immobilization
using hydrogel

Glass plate

Entrapment in gel

Nakanishi
et al., 2008

Immobilization
using coiled coil
interaction

Octadecyltrichlorosilane
(OTS) coated surface
covalently bound with
artificial polypeptide
containing Leu zipper

Coiled coil association
of a heterodimeric Leu
zipper pair

Nakanishi
et al., 2008

Immobilization on
Au surface

Au surface

Chemisorption of SHgroups on Au

Nakanishi
et al., 2008

Glutatione/STransferasemediated
immobilization

Polystyrene coated with
protein followed by
covalently coupling with
glutathione

Affinity between
glutathione and STransferase

Nakanishi
et al., 2008

Silane coupling
method

Glass modified with
bifunctional silane
coupling reagents
containing aldehyde

Schiff’s base linkage
between aldehyde and
amino groups

Nakanishi
et al., 2008

Immobilization
using polystyrene
(PS)-affinity
peptide

Hydrophilic polystyrene

Affinity of the affinity
peptide to PS surface

Nakanishi
et al., 2008

Table 1. Various immobilization methods
Direct adsorption of biomolecules on a solid surface may also lead to the rapid, simple
immobilization. For example, a gold surface can directly adsorb biomolecules via strong
electrostatic interaction and thiol-based chemical binding under ambient conditions, and a
SiO2 surface can directly adsorb biomolecules mainly by van der Waals force and hydrogen
bonding. The atomically flat sapphire (Al2O3) substrate with a hydrophilic surface may be
used for hydrophilic adsorption (Yoshida et al., 1998).

216

Environmental Biosensors

However, such a direct adsorption of biomolecules on the surface of metals or metal oxides
is usually non-specific and the orientation of the adsorbed structures remains largely
random (D.C. Kim et al., 2009). As direct adsorption may result in significant conformational
change in the native structure of proteins and severe loss of biological activity.
2.1.2 Layer-by-layer method
The technique of production of sensing structures in the form of thin films has to comply
with three requirements: molecular recognition, signal transduction and signal detection by
the abiotic component. That is the key problem in construction of miniaturized sensing
devices. Nanofilms produced with LbL and LB methods may give a satisfactory results in
controlling of layer architecture.
In the LbL method, solid supports are immersed into aqueous solutions of materials to
immobilize. Alternating layers of positively and negatively charged materials are adsorbed
in a sequence, which may lead to multilayers. The procedure of the film preparation is
depicted in Figure 1.

Drying
Substrate Polycation

Washing

Drying
Polyanion

Washing

1 Bilayer

Fig. 1. Schematic procedure for fabrication of LbL films. The substrate is alternately dipped
into solutions containing polycations and polyanions to produce bilayers (Siqueira et al., 2010)
The amount of material adsorbed on the support and the surface topography depend on
various parameters, including concentration of material to be adsorbed, pH, ionic strength.
The obtaining films are thermally stable and resist to washing in aqueous solutions. In order
to sensors fabrication, the LbL layers have been prepared of proteins, nucleic acids and
polysaccharides (Siqueira et al., 2010; Liu et al., 2008).
Deposition of a large number of layers can be performed by using a mechanical robot
(Portnov et al., 2006) or a simple fluidic system. The main drawbacks of LbL deposition are
sensitivity of the receptor containing multilayer to variations of ionic strength, generally
leading to destabilization of an assembly and an influence of the drying process on the
multilayer structure (Lourenco et al., 2007). LbL deposition was used i.e. to incorporate
Glucose oxidase (GOx) into a multilayer of poly(styrene sulfonic acid)/polypyrrole
(PSS/PPY) on the surface of in-situ polymerized PPY (Ram et al., 2000).
2.1.3 Langmuir–Blodgett technique
On the contrary to LbL procedure, the LB film-forming materials are obligatory insoluble in
water. LB films are obtained by transferring a Langmuir layer from air/water interface onto
the solid support via vertical dipping into subphase. Multilayers can be deposited by
repeating the solid immersion/withdrawal steps.
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Langmuir–Blodgett technique was widely used at the end of 1980s–beginning of 1990s as a
relatively simple technology to get highly ordered organic films with artificial or natural
receptors. However the system assembled by external forces does not lead to highly stable
and defect free films. Therefore this technique was used mostly in combination with other
immobilization procedures. Indeed, phospholipids matrices have been used to host
biocatalyst molecules that are then co-deposited onto the solid supports as LB films (Cabaj et
al., 2010a; Cabaj et al., 2010b; Girart-Ergot et al., 2005) , as shown in Figure 2.

Fig. 2. Schematic path of LB technique
Hydrophobic derivatives of (poly(3- dodecylthiophene), poly(3-hexylthiophene)) were used
in a mixture of stearic acid and galactose oxidase (Sharma et al., 2004), laccase, tyrosinase or
GOx (J.R. Li et al., 1989; Singhal et al., 2002) to be deposited by Langmuir–Blodgett
technique. During the last years the application of Langmuir–Blodgett approach was almost
completely replaced by the technologies of self-assembly based on layer-by-layer deposition
or on binding of thiols to some metals, modification by silanization and subsequent covalent
immobilization.
As proteins are not ideal amphiphilic molecules, the techniques need to be adapted, either
by chemical methods (e.g., derivatization methods (Riccio et al., 1996) or varying the
subphase composition (Erokhin et al., 1995) or by applying some mimetic systems of
biological membranes, due to preserve their native structure and function in monolayer. But
the LB technique has been found to be a suitable approach for the development of protein
nanostructured matrixes. This technique has been utilized for production to sensitive
elements based on protein molecules (Cabaj et al., 2010a; Cabaj et al., 2010b), and more
recently, for fabrication of protein-based templates to be employed in nanocrystallography
(Pechkova & Nicolini 2004). Generally, this method not only does not destroy the protein
structure and function, but also provides new useful properties, such as protein thermal and
temporal stability and film anisotropy (Sivozhelezov et al., 2009). The proteins in solutions
start to denaturate at 60-70°C where as the secondary structures of proteins in the LB film is
slightly affected only till 200°C (Sivozhelezov et al., 2009). This property is not possible to
find in chaotically oriented layers. Furthermore, due to this procedure it is possible to
control the order of the protein structures, as follows from improved properties of protein
crystals and improved helical content of proteins when LB technique is applied.
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The quality of protein-monolayer formation at the air-water interface is related to the degree
of preservation of the native properties of all proteins. The magnitude of the electrostatic
forces maintaining the protein structure is comparable with that of the surface tension.
Proteins tend to form stable monolayers at the air-water interface because of their mixture of
hydrophilic and lipophilic groups. Often spreading species such as proteins at the air-water
interface can effect the conformation of the molecule such as causing unfolding. For example
insulin or ovalbumin unfold completely whereas myoglobin and cytochrome C are only
partially unfolded (Birdi 1999). This again is thought to be a function of the ratio of polar to
non-polar amino acids residues. Highly polar proteins such as xanthine oxidase do not form
stable monolayers (Erokhin et al., 1995). In all these circumstances the convenient matrix
may be required. For instance, according to Girart-Ergot et al. (2005) enzyme bioactivity in
mixed lipid LB films is preserved due to the lipid molecular assembly protects the enzyme,
positioning the polypeptide moiety in such a way as to allow the recognition and signal
events. In fact, phospholipids have been used as protecting agents for several types of
material, not only for membrane cell proteins (Caseli et al., 2002) but also for
polysaccharides (Pavinatto et al., 2007) and synthetic polymers (Caseli et al., 2001).
The lipid fraction of biological membranes is mainly composed of phospholipids with
different chain lengths and ionic character. Therefore, phospholipids are widely used as
mimetic systems in studies involving the cross resistance to drugs.
2.1.4 Langmuir–Schaefer technique
Langmuir-Schaefer (Fig. 3) as well as Langmuir-Blodgett techniques represent a “classical”
tool for biofilm engineering, recently improved and extended to a wide variety of proteins
(Nicolini 1997). It is also very useful in deposition other than protein rigid layers.
The method implies horizontal touching with the substrate of the preformed monolayer. For
protein layers it is not necessary to use a grid as a separator because the layer is rather soft,
but is important to compensate the charge of the molecules at the water surface before
deposition (Nicolini 1996).
Moreover, it is seemed that LS methodology in case of deposition of tyrosinase is more
effective than vertical process (Cabaj et al., 2010b).

Horizontal lift

Fig. 3. Langmuir-Schaefer technique
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2.2 Covalent immobilization
The covalent immobilization of functional, biological molecules onto a defined and also
conductive surface provides the basis for sophisticated biomolecular architectures with
numerous applications for in vitro studies on the behavior of biological structures such as
proteins and cells, for implant or for biosensor devices. In recent years, much work has been
devoted to the development of new techniques for protein immobilization on different
substrates.
Among the chemical immobilization methods, the following techniques can be
distinguished:
• covalent attachment to a water-insoluble matrix,
• cross-linking with the use of a multifunctional and low molecular weight reagent,
• co-cross-linking with other neutral substances, for instance proteins.
Cross-linking can be described as a technique, in which an enzyme is linked to the
supporting polymeric material by the mean of chemical bonding. The particular method
utilizes bifunctional reagents, i.e. glutaraldehyde. The main disadvantages of this technique
include: enzyme damage, limited diffusion of the substrate, poor mechanical strength
(Eggins 2002).
Covalent coupling with the electrogenerated polymer can be defined as an immobilization
method which employs formation of bond between a functional group of the enzyme and
the support polymeric matrix . The coupling of molecules to the polymer surface is usually
carried out by water-soluble carbodiimide or N-hydroxysuccinimide, or the mixture of both
reagents. However, the presence of additional chemicals in such a solution may lead to
partial denaturation of the enzyme as well as damages within the polymer structure.
Among others, nucleophilic groups of the enzyme amino acids, which do not play a major
role in the catalytic mechanism, seem to be the best targets. The most common nucleophilic
groups used for coupling are: NH2, COOH, OH, SH, C6H4OH and imidazole. One of the
biggest advantages of this method is that the enzyme will not be released from the support
when performing the catalysis (Klis et al., 2007).
Analyte

Polymer/monomer/
way of polymerization

Receptor

Type of
transducing

Ref.

Boronic acid

Poly(aniline boronic
acid)/electrochemical
polymerization

Glycoproteins

Photometric

Anzenbacher
et al., 2004

Na+, K+,
NH4+

Overoxidized polypyrrole

Valinomycin

Amperometric

Izaoumen
et al., 2005

Poly(3-methylthiophene)/
Dopamine
electrochemical
Amperometric
neurotransmitters
polymerization

Bouchta
et al., 2005

Cyclodextrin
Atrazine

Polypyrrole/
electrochemical

Tyrosinase

Amperometric

Gerard
et al., 2002

Phenolic
compounds

LB film of
bis(thiophene)carbazole

Laccase

Photometric

Cabaj
et al., 2008

Table 2. Selected examples of sensors with receptors covalently immobilized to conducting
polymers
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Chemical bonding of receptors by covalent reaction between functional groups of receptor
and i.e. polymer provides the strongest immobilization. Various derivatives of pyrrole and
thiophene modified by ionophore units were reported (Table 2). These derivatives were
electropolymerized mostly in organic solvents. Low solubility of modified monomers in
aqueous media and often low conductivity of resulting polymer can be crucial for
biomolecule immobilization. Suitable derivatives are pyrrole and thiophene bearing
carboxyl function at the β-position (Rahman et al., 2003; G. Li et al, 2000; Cha et al., 2003;
Freitas et al., 2005; Kong et al., 2003; Kuwahara et al., 2005; Peng et al., 2005) or Nsubstituted pyrrole (Culvo-Munoz et al., 2005).
Besides PPY, such polymers as polythionine are found to be convenient for the
immobilization due to the presence of free amino functions in the polymer structure and
reversible and stable behavior of the polymer film in biological compatible media (Ferreira
et al., 2006). A sensor based on tyrosinase linked to electroactive poly(dicarbazole) via
carboxy group was presented in Cosnier et al. (2001). Various strategies to preparation of
polymer with synthetic (polyalkyl ether, crown ether, pyridyl-based ligands) and biological
receptors are reviewed in McQuade et al., 2000.

3. Methods of detection
The choice method of detection is based mainly on the type of material employed for
producing the sensing units and on the analyte to be detected. Electrochemical methods
normally require electroactivity either of the film itself or induced by the analytes. Using
electrochemistry may be advantages because distinct experimental procedures can be used,
including amperometric measurements and cyclic voltammetry (Siqueira et al., 2010).
Electrical impedance spectroscopy, in turn, offers advantage in being in principle applicable
to any type of molecule immobilized in the sensing structure as well as to any type of
analyte. In this technique, used in characterization of dielectric properties of materials, the
interaction between external field with the dipole moments of the dielectric material is
measured as a function of frequency (Neto et al., 2003).
The optical methods are generally more restrictive with regard to the number of system for
which they can be used. They include UV-vis absorption or fluorescence spectroscopies,
where the former may be used when the analyte or a mediator absorbs in the UV-vis region.
If fluorescence measurement are used, fluorescent chromophores must be incorporated into
the system, and there are some important advantages: simple optical monitoring may suffice
for detection, thus making it possible to produce low-cost sensors. Furthermore, sensing
based on fluorescence is usually highly efficient.
Detecting of phenolic compounds is mostly electrochemical process (S. Yang et al., 2006;
Shan et al., 2003; Serra et al., 2003), rarely UV absorption (Cabaj et al., 2010a; Cabaj et al.,
2010b).

4. Imaging of surface structure
The morphology of the deposited multilayered structures is characterized at nanometer
level by AFM (atomic force microscopy) that is a tool with different possibilities and limits.
Multilayered structures are possible to form because the technique gives the possibility to
form multilayered architectures controlled at molecular level.
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AFM can image biological samples under aqueous conditions with high resolution in three
dimensions without the use of any probes. AFM has been successfully used to image
isolated phase separated bilayers and peptide–lipid domains in supported bilayers. Also
monolayers containing glycosphingolipids and cholesterol have been imaged (Yuan &
Jhnston 2000) as well as phenoloxidases or glucose oxidase mixed (with linoleic acid,
phospholipids) LB/LS films (Kuwahara et al., 2005).
The phenoloxidases (laccase, tyrosinase) and glucose oxidase hetero layers were visualized
by contact mode AFM (Fig. 4). The enzyme molecules were fairly well deposited onto solid
substrate. Immobilized phenoloxidases as well as glucose oxidase (Sołoducho & Cabaj 2010)
were observed as an aggregated pattern in solid-like state with keeping their characteristic
random cloud-like or island structure. The heterogeneous films roughness was found
relatively high (especially in case of tyrosinase film) for an LB film, which indeed shows that
the enzymes were transferred. The roughness of linoleic acid - laccase film was measured as
7.17 nm (similar results was found for film of lipase (Baron et al., 2005)), when the
roughness value of tyrosinase film was found as 19 nm. To compare, the roughness of
glucose oxidase LB film has been measured as 0.38 nm (Singhal et al., 2003) or 1.9 for LS
films. These obtained values were attributed to the immobilization process of comparatively
large molecule aggregates of enzymes (laccase, tyrosinase, glucose oxidase) incorporated to
LB/LS films. This leads to conclude that there is sometime formation of an agglomerate of
enzymes rather than an organized monolayer at the air/water interface. The AFM results
showed that the effect could be also associated with changes in the enzyme conformations A
monolayer rearrangement, such as two-dimensional formation or hindered molecular
orientation, might take place during the phase transition behaviour resulted in the
molecular aggregates on the protein layer.

a)

b)

Fig. 4. AFM topography images of a) linoleic acid – laccase LB film, b) phospholipids –
glucose oxidase LS film (Sołoducho & Cabaj 2010)
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5. Biomolecules for phenolic compounds detection
Biosensors based on the coupling of a biological entity with a suitable transducer offer an
effective route for detection of phenolic compounds. For phenolic compounds determination
biosensors modified with tyrosinase, peroxidase, laccase and polyphenol oxidase have been
reported. Electrodes modified with these enzymes have the advantage that the detection of
phenolic compounds can be carried out between -0.2 and 0.05 V versus SCE and the interface
is minimized. The mechanism for tyrosinase, laccase and peroxidase in the electrochemical
biosensors is different (S. Yang et al., 2006).
5.1 Horseradish peroxidase
Peroxidases are enzymes of the class EC 1 .l 1. defined as oxidoreductases using
hydroperoxides as electron acceptor. It has been found that most of the peroxidases: plant
peroxidases, cytochrome c peroxidase, chloroperoxidase, lactoperoxidase, etc. are hemeproteins with a common catalytic cycle (Everse et al., 1991). Horseradish peroxidase (HrP)
has been most thoroughly studied and frequently used to exemplify the peroxidase reaction
cycle:
Native peroxidase(Fe3+) + H202 → Compound - I+ H20
Compound - I + AH2 → Compound - II + AH*
Compound - II + AH2 → Native peroxidase(Fe3+)+ AH* + H20

(la)
(lb)
(lc)(Ruzgas et al., 1996)

The first reaction (la) involves a two-electron oxidation of the ferriheme prosthetic group of
the native peroxidase by H202 (or organic hydroperoxides). This reaction results in the
formation of an intermediate, compound-I, consisting of oxyferryl iron (Fe 4+=O) and a
porphyrin π cation radical. In the next reaction (1b), compound-I loses one oxidizing
equivalent upon one-electron reduction by the first electron donor AH2 and forms
compound-II (oxidation state +4). The later in turn accepts an additional electron from the
second donor molecule AH2 in the third step (lc), whereby the enzyme is returned to its
native resting state, ferriperoxidase.
The oxidation products formed during the peroxidase reaction depend on the nature of the
substrate. Electron donors such as aromatic amines and phenolic compounds are oxidized to
free radicals, AH* (reactions (lb) and (1c)) (Ruzgas et al., 1996). The following discussion
about the bioelectrochemistry of peroxidases is directed for a more detailed presentation of
the electrochemical reactions of peroxidase providing the basis for amperometric
peroxidase-modified electrodes. Horseradish peroxidase based biosensors are most sensitive
for a great number of phenolic compounds since phenols can be act as electron donors for
peroxidase (S. Yang et al., 2006).
5.2 Laccases
Laccase (EC 1.10.3.2) is defined as a blue oxidase capable of oxidizing phenols and aromatic
amines by reducing molecular oxygen to water by a multicopper system. Laccases belong to
a large group of the multicopper enzymes, which includes among others ascorbic acid
oxidase and ceruloplasmin (Hublik & Schinner 2000).
Laccase demonstrates a broad substrate specificity (Vianello et al., 2007). It catalyses the
oxidation of such diverse compounds as: o, p-diphenols, aminophenols, polyphenols,
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polyamines, lignin, some inorganic ions, aryl diamines, benzenthiols, phenothiazines
(Vianello et al., 2007). The substrate for laccase is also molecular oxygen, hence the enzyme
plays a role of terminal electron acceptor in a four electron process in which water is the
final product. Moreover, this blue oxidase is known to demethylate lignin and
methoxyphenol acids (Vianello et al., 2007).
Typical laccase reaction (Fig. 5) leads to conversion of the phenolic substrate into
aryloxyradical by the mean of a one-electron oxidation process. During the second stage of
the oxidation the active species can be converted into a quinone. In the next step, both the
quinone and the free radical product undergo a non-enzymatic coupling reactions leading to
the polymerization resulting in dimers, oligomers and polymers (Duran et al., 2002; Riva
2006). Products of the oxidative coupling reactions result from either C-O and C-C coupling
of the phenolic reactants or N-N and C-N coupling of the aromatic amines. The particular
reaction is known as the detoxification of phenolic contaminants (Hublik & Schinner 2000).
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Fig. 5. Laccase-catalysed oxidation of phenolic groups (according to Archibald et al. (1997))
5.3 Tyrosinases
Tyrosinase (monophenol monooxygenase, EC 1.14.18.1) is a binuclear copper containing
metalloprotein which catalyses, in the presence of molecular oxygen, two different reactions:
(1) the transformation of -mono-phenols into o-diphenols (monophenolase activity) and (2)
the oxidation of o-diphenols to o-quinones (diphenolase activity, Fig. 6).
This enzyme, found in prokaryotes as well as in eukaryotes, is involved in the formation of
pigments such as melanins and other polyphenolic compounds. Each of the two copper ions
is bounded by three conserved histidines residues (Lerch 1988).
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Fig. 6. Tyrosinase-catalysed oxidation of phenolic compounds

6. Biosensors for phenolic compounds
Electrochemical biosensors are rather cheap, simple to fabricate, and reusable. They have
high stability and sensitivity. This kind of sensors can potentially be used for other species
with the necessary modifications. Many phenolic compounds are successfully detected
using electrochemical sensors as most sensors are oxidized at readily accessible potentials.
6.1 Horseradish peroxidase electrodes for phenolic compounds detection
Many different methods such as covalent immobilization (Imabayashi et al., 2001), sol-gel
derived matrix (Rosatto et al., 2002), recently LbL assembly was employed for modification
of electrodes (S. Yang et al., 2006). And still the combination of oxidoreductases and
amperometric electrodes is the most commonly studied biosensor concept (Fig. 7).
Imabayaschi et al. (2001) reported also the HrP biosensor constructed by enzyme covalently
immobilized on the mercaptonic acid self-assembled monolayer (SAM) on the gold
electrode. The most simple electrode for the detection of peroxide consists of a layer of
peroxidase molecules adsorbed onto the electrode surface. If the electrode is placed into a
sample and poised at a potential more negative than 0.6 V vs. SCE then a proportionality
between the registered reduction current and the peroxide concentration is observed. This
phenomenon was observed for horseradish peroxidase adsorbed on carbon black, graphite,
carbon fibers, gold, and platinum electrodes (Ruzgas et al., 1996). The electrode current is
due to an electrochemical reduction of compound-I and –II (Fig. 8).
The response of the peroxidase biosensors to phenolic compounds is based on the double
displacement or “ping-pong” mechanism in which two substrates, H2O2 and the electrondonating phenolic compounds are involved. At the electrode surface, peroxidase molecules
are oxidized by H2O2 followed of its reduction by phenolic compounds. In the last reaction,
the phenolic compounds are mainly converted into quinones or free radical products, which
are electroactives and can be electrochemically reduced on the electrode surface. The
reduction current is proportional to the phenolic compounds concentration in the solution,
as long as the H2O2 concentration is not limiting (S. Yang et al., 2006).
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Fig. 7. Simplified biosensor system for detection of phenolic compounds
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Fig. 8. Scheme of the reactions occurring at the surface of the electrode modified with
horseradish peroxidase; Phox and Phred are the oxidized and reduced forms of the phenolic
compounds, respectively
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Oxidation of phenolic compounds by horseradish peroxidase in solution can be enhanced
by nitrogen ligands such as ammonium ions as wel as aromatic amines (i.e. o-dianisidine,
benzidine, o-aminophenol, p-aminophenol, p-cresol, aniline) (Ruzgas et al., 1996). These
observations gave the possibility to correlate the increase of the reduction current of
peroxidase electrode with the concentration of aromatic amines.
The monitoring of the enzyme reaction is accomplished by the electrode reduction of the
phenoxy radicals formed, the current being proportional to the concentration of phenolic
compounds as long as the H2O2 concentration is not limiting. Therefore, an excess of H2O2
should be added to the working solution in order for the biosensor to be able to respond to
the phenolic compounds (Serra et al., 2001). However, it is well known that the presence of a
high concentration of H2O2 causes inhibition of the activity of peroxidase (Scheller et al.,
1997). Moreover, H2O2 is unstable in solution. These facts cause some difficulties in the
practical use of the peroxidase biosensor for the detection of phenolic compounds. In order
to improve this type of detection, there are developed composite multienzyme systems.
Serra et al. (2001) reported the sensing system for phenolic compounds where horseradish
peroxidase is mixed with glucose oxidase (GOx). In this biosensor, GOx was responsible for
generating in situ H2O2 needed for the enzyme reaction with the phenolic compounds. For
the sensor design, matrices of graphite and Teflon were selected. The enzymatic electrodes
were constructed by simple physical inclusion of the enzymes (HrP, GOx) into the bulk of
graphite-Teflon pellet with no covalent attachments.
Serra et al. described also the three enzyme system with HrP, GOx and tyrosinase to
monitor possibly large number of phenolic compounds (Serra et al., 2001).
6.2 Laccase and tyrosinase electrodes for phenolic compounds detection
Laccase and tyrosinase are both copper containing oxidases catalyzing the oxidation of
phenolic compounds in the presence of oxygen. In these reactions oxygen is reduced
directly to water on the surface of enzymatic electrode (Fig. 9).

e

PCox
Phenolic
Compounds

PCred
ELECTRODE

Ered
O2 or H2O2
Laccase
Tyrosinase
H2O
Eox

Fig. 9. Mechanism of the reactions on the laccase/tyrosinase biosensor. PC: phenolic
compound; E: enzyme; red and ox are the reduced and oxidized forms
For the design of biosensor different methods of enzyme immobilization were employed.
They include the modification of solid graphite (Ortega et al., 1994), incorporation of
enzyme into carbon paste, immobilization on surface of different membranes (Yarpolov et
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al., 1995), Langmuir-Blodgett hybrid films (Cabaj et al., 2010a; Cabaj et al., 2008; Sołoducho
& Cabaj 2010). The most sensitive biosensors are based on tyrosinases (Psrellada et al., 1997),
however, in order to low stability of this class of enzymes, these devices usually present
short life-times (Vianello et al., 2004). Alternatively to tyrosinases – laccases are often used.
Laccase is one of the best candidate for use in analytical systems for determination of
chlorinated and polyphenolic compounds (Freire et al., 2002), mainly due to its great
stability (Gianfreda et al., 1999), wide range of detectable phenolic compounds (Freire et al.,
2002) and it is not susceptible to product inhibition. Laccase can act over the phenolic
compounds that are not reactive with the other mentioned enzymes (Freire et al., 2002). In
addition, one of the most important point in using laccase is its sensitivity for phenolic
compounds, such as chloroguaiacols and guaiacols, which are considered very toxic (Freire
et al., 2002). The enzymatic oxidation of phenolic compounds and anilines by laccases
generate radicals that react with each other to form dimers, oligomers or polymers
covalently coupled by C–C, C–O and C–N bonds. In the case of substituted compounds, the
reaction can be accompanied by partial demethylations and dehalogenations (Claus 2004).
However, an exhaustive overview in the basic aspects of immoblilization of laccase and
tyrosinase has been reported. Whereas, to retain enzyme’s specific biological function, their
immobilization on solid matrix is a key factor in preparing biosensors. So far several
immobilization strategies have been commonly used to immobilize small molecules onto
appropriately functionalized glass slides, including covalent immobilization with
Staudingeer ligation (Kohn et al., 2003). The immobilization methods for laccase or
tyrosinase such as physical adsorption (Cabaj et al., 2010a; Cabaj et al., 2010b), covalent
attachment (Vianello eta al., 2004), incorporation within carbon paste (Duran et al., 2002),
immobilization in polymer films (Timur et al., 2004), entrapment in some sol–gel matrices
(Duran et al., 2002) have been also reported in the literature. Vianello et al. (2004) presented
a high-sensitivity flow biosensor based on a monomolecular layer of laccase immobilized on
a gold support. This biosensor detects phenols in the low micromolar range, i.e. below
European Community limits (Vianello et al., 2004).
Laccase belongs to the restricted groups of redox enzymes that show efficient direct
heterogeneous electron transfer at electrodes (Ghindilis et al., 1997). When laccase was
adsorbed on graphite electrode, bioelectrocatalytic reduction of oxygen occurs and is
observed as a reduction current caused by direct (mediatorless) electron transfer from the
electrode to the immobilized laccase and then further to molecular oxygen in solution.
Oxygen is reduced to water in a four-electron transfer mechanism. In this mechanism the
electron donor (substrate) penetrates the active site of the enzyme where it is oxidized in a
single electron oxidation step often producing electrochemically active compound (possibly
a radical) that it turn can be re-reduced at the electrode surface in a mediated electron
transfer step. This creates an electron-shuttle process between the electrode and the laccase
providing the basis for reduction of molecular oxygen by mediated electron transfer at the
enzymatic electrode (Haghighi et al., 2003).
In particular, several biosensors based on tyrosinase were developed for determination of
phenols (Mai Anh et al., 2002; Dzyadevych eta al., 2002). The tyrosinase was immobilized on
an electrode’s surface as a thin film or in a membrane on a Clark oxygen electrode
(Macholan 1990), chemically bonded to a solid graphite electrode (Cosnier & Innocent 1993)
or controlled-pore glass (Zachariah & Mottola 1989) and using electropolymerization of an
amphilic pyrrole derivative–enzyme mixture (Cosnier & Popescu 1996). Tyrosinase was also
adsorbed on the surface of phospholipids Langmuir-Schaefer film (Cabaj et al., 2010b).
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Tyrosinase-based electrochemical biosensors suffer from low enzyme stability and
significant inhibition of the enzyme by reaction products; both these factors deteriorate
electrode characteristics in phenol determination. In the case of HrP, the limitation is the
necessity of hydrogen peroxide presence to complete the biocatalytic cycle.
Nevertheless, tyrosinase- and laccase-based amperometric biosensors have proved to be
very useful for the determination of phenols and substituted phenols at low levels
(Ghindilis et al., 1997).

7. Modification of electrodes by conducting polymers
Conducting polymers have found increased applications in various industries. Some of
the main classes of conducting polymers that are available for various applications
include polyacetylene, polyaniline (PANI), polypyrrole (PPY), polythiophene (PTH),
polyethylenedioxythiophene (PEDOT), poly(paraphenylene), poly(paraphenylenevinylene),
polyfluorene, polycarbazole, and polyindole (PI), etc. Conducting polymers exhibit intrinsic
conductivity when the conjugated backbone of the polymer is oxidized or reduced (Bredas
& Street 1985). Apart from its conductivity, the change of electronic band in the conducting
polymer affects the optical properties in the UV-visible and near IR region. The changes in
conductivity and optical properties make them candidates for use as optical sensors or
element able to modify enzymatic electrodes.
Synthetic and biological receptors can be used to manipulate the sensitivity of a conducting
polymer for different analytes (Adhikari & Majumdar 2004; Ahuja et al., 2007). Some
conducting polymers that have been modified with various receptors are listed in Table 3.
To immobilize the receptor, it is bonded to the polymer matrix through covalent or
noncovalent interaction. Physical adsorption (Lopez et al., 2006), the Langmuir-Blodgett
technique (Cabaj et al., 2010ab), layer-by layer deposition technique (Ram et al., 2000), and
mechanical embedding method (J. Kan et al., 2004) are used to bind the receptor to the
matrix through noncovalent bonding. Gerard et al. (2002) have discussed the advantages
and limitations of these techniques.

8. Future of biosensing
Despite the rapid progress in biosensor development, i.e. clinical applications of biosensors
are still rare, with glucose monitor as an exception. Sensors, biosensors have a number of
disadvantages compared to classical chemical monitoring methods, however, they ensue a
number of requirements of current and emerging environmental pollution or medical
monitoring that chemical methods fail to address. Ongoing developments in material
technology, computer technology, and microelectronics are expected to help to omit many
of these problems. It is expected that progress in the development of tools and strategies to
identify, record, store, and transmit parameter data will help in expanding the scope of the
use of sensors on a broader scale (Blasco & Pico 2009).
The proceeding researches have to be carried out in all the building blocks of biosensors,
which include transducers, recognition molecules, immobilization strategies, as well as
transduction mechanisms. Particular attention should be also given to the control of
molecular architectures afforded by thin film forming methods (LB/LS, LbL,
electrodeposition), especially when biomolecules could be combined with layers of
polymers or metallic nanoparticles (Au). Relevantly, the success of LB, LbL films for
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Analyte

Receptor

Conducting
polymer

Type of
Type of
immobilization transduction

Ref.

H2O2

Horseradish
peroxidase

PANI/
polyethylene
terephthalate

Physical
adsorption

Optical

Caramori &
Fernandes 2004;
Borole
et al., 2005;
Fernandes
et al., 2005

H2O2

Horseradish
peroxidase

PEDOT/PSS
(poly(styrenesulfonate))

Physical
adsorption

Amperometric

Asberg &
Inganas 2003

Hydroquinone

Laccase

Poly-ophenylenediamine

Physical
adsorption

Amperometric

Pałys
et al., 2007

Catechins

Laccase

Poly
(tertthiophene)

Covalent
Amperometric
immobilization

Rahman
et al., 2008

Phenol

Tyrosinase

PEDOT

Physical
adsorption

Amperometric

Vedrine
et al., 2003

Physical
adsorption

Amperometric

Cosnier
et al., 2001

Poly(1,8Covalent
Amperometric
diaminocarbazole) immobilization

Skompska
et al., 2007

Catechol Tyrosinase Poly(dicarbazole)
Catechol Tyrosinase

Table 3. Examples of conducting polymer-based biosensors for phenol compounds detection
biosensing can be attributed to the fact that entrained water remains activity of biomolecules.
When extremely high sensitivity is required, the optical methods (luminescence) are
favorable. Also important is the possibility of integrating sensing molecules with siliconbased technology, a path to accomplish low-cost biosensors with scalable production
(Siqueira et al., 2010).
New devices based on microelectronics and related (bio)-micro-electro-mechanical systems
and (bio)-nano-electro-mechanical systems are expected to provide technological solutions
(Bezbaruah & Kalita 2010). Miniaturized sensing devices, microfluidic delivery systems, and
multiple sensors on one chip are needed. High reliability, potential for mass production, low
cost of production, and low energy consumption are also expected and some progress has
already been achieved in these areas (Farre et al., 2007).
A wireless sensor network comprising spatially-distributed sensors or biosensors to monitor
environmental conditions will contribute enormously towards continuous environmental
monitoring especially in environments that are currently difficult to monitor such as coastal
areas and open seas (Farre et al., 2009). Blasco and Pico (2009) expect that such a network
can provide appropriate feedback during characterization or remediation of contaminated
sites. The laboratory-on-a-chip is another concept that is going to impact future sensor
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technology. These chips involve microfabrication to achieve miniaturization and/or
minimization of components of the analytical processes. It has been suggested that
nanoscale and ultra-miniaturized sensors could dominate the production lines in the next
generation of biotechnology-based industries (Farre et al., 2007).
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Application of Microwave
Assisted Organic Synthesis to the
Development of Near-IR Cyanine Dye Probes
Angela Winstead and Richard Williams
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USA

1. Introduction
Cyanine dyes are a class of fluorescent organic dyes that have been used extensively as the
probe component of chemical and biological sensors. Generally, they are comprised of two
nitrogen-containing heterocycles, one of which is positively charged. The heterocycles are
linked by a conjugated polymethine chain with an odd number of carbons, common chain
lengths are tri (n=1), penta (n=2) and heptamethine (n=3).

R3N

NHR2
n

Fig. 1. Generic structure and properties of cyanine dyes
Pentamethine cyanine dyes (Cy5, n=2) are the universal probes for bio-analytical
applications (Wehry 1976). They fluoresce at 670 nm and are compatible with laser and LED
light sources that emit at 635 and 650 nm. A disadvantage of Cy5 probes is that most
biomolecules also fluoresce in the same region, causing significant background interference.
Heptamethine (Cy7, n=3) dyes, however, fluoresce in the near-IR (650-1000 nm) range with
minimal background interference from biomolecules (Hammer, Owens et al. 2002).
Although Cy5 technically falls in the near-IR (NIR) range, it fluoresces at relatively shorter
wavelengths between 670 and 710 nm, a consequence of fewer methane carbons. In this
region, some biological porphryrins, such as heme also exhibit emission spectra.
Microwave assisted organic synthesis (MAOS) has been used in the development of ecofriendly syntheses of biological and chemical sensor substrates. Often, sensor substrates
designed to monitor and detect environmental pollutants are synthesized using reaction
conditions and reagents that are not environmentally friendly and contribute to the problem
they are designed to detect and or mitigate. Consequently, there is a need for a change in
reaction conditions; increased atom efficiency, catalytic processes, and a decrease in solvent
use in reactions, extractions, and purifications (Anastas 1998) are strategies used to improve
reaction conditions. MAOS is widely accepted as a “green” technology; synthetic strategies
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enable solvent-free or minimal solvent use and increase atom efficiency in reactions (Hayes
2002). Further, because of the nature of MAOS, a variety of compounds can be synthesized
that would not be feasible under conventional synthetic approaches (Lew, Krutzik et al.
2002).
The field of MAOS has changed dramatically from its first introduction in 1986 (Gedye,
Smith et al. 1986; Giguere, Bray et al. 1986). In early work, microwave chemistry was often a
last resource for an unsuccessful reaction or used to shorten reaction times from hours and
days to minutes and seconds. The experiments were conducted in inexpensive domestic
microwave ovens with time and power as the reaction conditions. Today, commercial
microwave reactors control time, temperature, power, stirring and simultaneous cooling
with real time monitoring of temperature, pressure, and power. Cutting edge instruments
equipped with in situ analysis via raman spectroscopy (Leadbeater and Smith 2007),
UV/VIS spectroscopy (Getvoldsen, Elander et al. 2002), and digital cameras and video that
enable visual monitoring (Bowman, Leadbeater et al. 2008) have been developed capable of
addressing these needs.
Our focus is the development of advanced microwave synthetic techniques that will aid in
the synthesis of cyanine fluorophores and coupling agents needed in the development of
biosensors with increased reaction efficiency, are environmentally benign, and cost effective.
1.1 MAOS of sensor probes
The rapid, cost-effective manner in which MAOS operates allows scientists access to a wide
range and quantity of molecules that can be screened as potential biosensors. This section
describes the application of MAOS to the synthesis of some fluorescent components in
sensors. Perumal et al reported the microwave synthesis of an array of pyridinyl-1,2,4triazine derivatives used as fluorescent sensors for ferric salts with reduced reaction times
and comparable yields (66-85%) (Figure 2) (Perumal 2011). Bisaryl-3-pyrazine-1,2,4-triazine
derivatives displayed good sensor property with Fe(III) ions in micro level concentrations.
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Fig. 2. Microwave synthesis of pyrazine derivatives
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Fig. 3. Microwave synthesis of pyrrolodiazine derivatives
Pyrrolodiazine derivatives are highly fluorescent molecules that have potential applications
in sensors and biosensors. The absorption and fluorescence of these N-heterocycles can be
influenced by both solvent and substituent effects. MAOS has been used to rapidly and
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efficiently synthesize an array of pyrrolodiazine derivatives to study the relationship
between structure and optical properties. The reactions were carried out using a monomode
reactor varying temperature (by manipulating the power) and time with yields ranging
from 13-68% (Figure 3).
Lamberto et al, studied the synthesis of symmetric and asymmetric viologen as well as a bisviologen using microwave technology. Viologen derivatives are building blocks in
biosensors for nitrite detection. A variety of solvents, reaction times, and molar ratios were
manipulated. Seventeen viologen derivatives were successfully synthesized using microwave
irradiation using a CEM LabMate microwave synthesizer (Figure 4).
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Fig. 4. Microwave synthesis of viologen derivatives
1.2 NIR cyanines
Applications that utilize NIR fluorescence technology are rapidly expanding. Heptamethine
cyanines are an important class of NIR fluorescent molecules (Figure 5). Currently less than
1% of cyanine dye literature is concentrated on heptamethine derivatives. Consequently,
progress in this area is limited by the lack of availability of suitable cyanine compounds that
can be utilized as NIR labels and/or probes. More efficient ways of synthesizing these dyes
are needed so that a variety of dyes with various spectral and chemical properties can be
made available to thoroughly investigate their potential use as label and probes in analytical
applications of NIR fluorescence.

Cl
N
R

N
R

Fig. 5. Structure of NIR-1
Detection in the near-IR region demonstrates improved sensitivity over ultraviolet and
visible (uv-vis) region detection because of the absence of background interference from
competing analytes. This translates to a detection sensitivity based on the limitations of the
detection instrument and not upon background interference. Based on this principle,
shifting the fluorescence detection to longer wavelengths results in improved detection
sensitivity. The increase in the polymethine chain increases the absorbance to the desired
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longer wavelengths and the inclusion of a six membered cyclic ring into the polymethine
chain increases the photostability of the NIR Cy7 dye (Stoyanov). Near-IR fluorescent
molecules also have other advantages including:
• higher molar absorptivities
• compatible with solid state excitation sources
• lower excitation energy requirements associated with the near-infrared region
1.2.1 NIR-cyanine synthesis
Cyanines can be described as either symmetrical (identical heterocyclic salts) or
unsymmetrical (different heterocyclic salts). The general synthetic strategy used in the
preparation of cyanine dyes is a multistep process (Figure 6). First, the nitrogen-containing
heterocycle is quaternized with an alkyl halide to form a N-alkyl heterocyclic quaternary
salt. The symmetrical dye is prepared through the addition of 2eq of the same heterocyclic
salt to the an electrophile such as an imine, bisimine, or bisaldehyde and subjected to the
reaction conditions.
Two published methods of synthesizing symmetrical cyanine dyes requires heating a
mixture of a substituted quaternary salt (I) and either a bisimine or bisaldehyde to reflux in
1-butanol and benzene (Narayanan and Patonay 1995) or sodium acetate and ethanol (Jung
and Kim 2006).
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Fig. 6. Conventional synthesis of heptamethine cyanine dyes
The synthesis of unsymmetrical cyanines involves treatment of heterocyclic salt the desired
electrophile to form the hemicyanine. The hemicyanine is reacted with a second heterocyclic
quaternary salt to form an unsymmetrical cyanine dye. The major problem in the synthesis
is the formation of the symmetric dye as a byproduct. A common solution is the isolation
and rigorous purification of the hemicyanine, even though they are a challenge to isolate
and purify (Mujumdar, Ernst et al. 1993; Mank, Van der Laan et al. 1995). This is a problem
regardless of the methine chain length (Cy3, Cy5, Cy7), heterocyclic salt precursors, or watersolubility. The solid phase technique was applied to unsymmetrical cyanine synthesis by
Mason et al (Mason, Hake et al. 2005) Solid phase synthesis of Cy3 and Cy5 unsymmetrical
dyes is five and three steps respectively, in overall crude yields ranging from 3-60% with 50>95% purity (Figure 7). The synthesis requires extensive use of solvents as reaction media,
and multiple purification techniques after each step with the amount of desired product
only 2 – 11mg.
A second multi-step protocol that was developed by Caputo (Caputo 2002): 1) synthesized
the acetylated hemicyanine with the less reactive heterocyclic salt 2) purified the
hemicyanine with continuous extraction with ethyl acetate 3) reacted the pure hemicyanine
with the more reactive heterocyclic salt. This strategy requires a large amount of solvent in
the purification of the hemicyanine and the unsymmetrical dye is purified by column
chromatography. The purity was not reported and the dye was not characterized or
quantified prior to derivatization for several examples.
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Fig. 7. Solid phase synthesis of cyanine dyes

2. Salt synthesis
N-Alkyl quaternary ammonium salts are used extensively as precursors of various cyanine
dyes (Narayanan and Patonay 1995) and near-IR spiropyrans (Hirano, Osakada et al. 2002).
The salts are synthesized by refluxing reagents with solvents such as chloroform, o-dichlorobenzene, acetonitrile and ethanol for 6 – 48h. One example requires refluxing in acetonitrile
for 24 h, then treatment with diethyl ether followed by filtration. The combined filtrates
were concentrated and refluxed for an additional 24 h, treated with diethyl ether and
filtered (Pardal, Ramos et al. 2002). This process was repeated 1-3 times to achieve the
published yields (25 – 78%). Another method heats the reagents at 80 °C for 21 h in an
ampule tube sealed with a torch (Hirano, Osakada et al. 2002). Purification of the salts range
from Soxhlet extraction with benzene for 24 h (Elizalde, Ledezma et al. 2005) to filtration
with cold ether (Pardal, Ramos et al. 2002).
2.1 2,3,3-trimethylindolenine derivatives
The reaction of 2,3,3-trimethylindolenine with an array of alkyl halides with varied
functionality were studied (Figure 8). The reactions were performed by charging each
microwave reaction vial with of 2,3,3-trimethylindolenine and an alkyl halide. Our
previously studied reaction of ethyl iodide with 2,3,3-trimethylindolenine served as the
model system (Winstead 2008a). The microwave reaction conditions were determined using
a single-mode microwave system. The temperature was monitored throughout each
reaction. The optimized reaction condition was 130 °C, ramp time: 2:50 min, reaction time:
5:00 min giving a 95% yield.

RX
N

Microwave

N
R

X

1 R = Me, 2 R = Et, 3 R = Pr, 4 R = -CH2CH2OH, 5 R = -(CH2)5CO2H
Fig. 8. Synthesis of 2,3,3-trimethylindolenine quaternary salts
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The scope of the reaction was examined with the coupling of 2,3,3-trimethylindolenine with
iodomethane, iodopropane, bromoethanol and 6-bromohexanoic acid (Winstead 2008b). The
hold time, ramp time, and temperature for each electrophile was studied. The optimized
reaction conditions are presented in Table 1. In most cases, the yields were comparable or
exceeded the published yields. Most significant is the substantially decreased reaction time
and simplicity of the reaction procedure. The yields presented are the yields without
resubjection of the filtrates.
Alkyl salts 1-3 were simply filtered and washed with cold ether. The products were pure by
NMR analysis and no further purification was necessary. Salts 4 and 5 which all contain
hydroxyl groups, did not crystallize right away. The reaction solution containing 4 was
concentrated followed by the addition of hexanes. The solution was heated until crystals
formed and then filtered. Similarly, salt 5 was recrystallized from acetone.
Salt

T (°C)

Time
(min)

1
2
3
4
5

130
110
110
110
110

5:00
2:30
7:00
7:00
7:00

Yield
(%)
95
93
83
73
59

Lit.
Yield
(%)
59
75
44
69
67

Lit Time
(h)
48
21
24
24
12

Table 1. Reaction conditions for the synthesis of 2,3,3-trimethylindolenine salts
X ray chrystallography was taken of carboxylic acid derivative 5 (Figure 9) (Winstead 2010).
The data revealed the hydrogen bonding of a water molecule to CO2H moiety and the
bromide ion is associated with water molecule.

Fig. 9. X ray christallography
2.2 Benzothiazole derivatives
Benzothiazole derivatives were synthesized by reacting benzothiazole with various alkyl
halides under microwave irradiation conditions to produce compounds 7-11 in good yields
(Figure 10). Methyl indolenine salt 7 was synthesized in excellent yield without solvent. The
reaction was complete in only 20 min (85%) compared to 7h and 60% yield under reflux
conditions.
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RX
Microwave

N

N
R

X

6 R = Me, 7 R = Et, 8 R = Pr, 9 R = -CH2CH2OH, 10 R = -(CH2)5CO 2H

Fig. 10. Synthesis of benzothiazole quaternary salts
The reaction ethyl indolenine 3 was synthesized in yields ranging from 4-80% (Table 2). The
reaction conditions used for the methyl indolenine synthesis resulted in a 17% yield. The
temperature was increased in 10 °C increments. The reaction was placed in a microwave vial
and subjected to microwave irradiation at the set temperature (20 min). The vial was
removed and checked for the presence of a solid. If there was small amount of solid, the
reaction was placed back into the microwave oven for an addition 10 min. The yields
reported are after the second reaction time and filtration. The reaction yield increased as the
temperature increased to 170 °C. The reaction conditions for the synthesis of propyl
indolenine 8 are the same as 7.
T (°C)

Time (min)

Yield (%)

120
120
130
140
150
160
170

15
20
20 + 10
20 + 10
20 + 10
20 + 10
20

4
17
31
45
47
69
80

Table 2. Reaction conditions for ethyl indolenine 8
2-ethanol indolenine 9 was synthesized in yield in 56% (Table 3). The temperatures studied
were between 150 °C – 100 °C. 150 °C was selected as the starting point because it was in
between the optimum reaction temperature for the methyl and the ethyl derivatives. The
reaction time was 20 min. These initial conditions led to decomposition. A temperature
reduction of 20 °C also provided decomposition (Entry 2), however a 30 °C decrease yielded
starting material (Entry 3). When an increase in time produced decomposition (Entry 4), the
temperature was reduced to 100 °C and held for 35 min. The reaction vial sat at room
temperature for 2-4 h, after which time crystals formed and were filtered.
Entry

T (°C)

Time (min)

Yield (%)

1
2
3
4
5

150
130
120
120
100

20
20
20
25
35

Decomp
Decomp
SM
Decomp
56

Table 3. Reaction conditions for 2-ethanol indolenine 9
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It has been reported that the longer the alkyl chain length, the more difficult it is to perform
the alkylation. Therefore, the higher 170 °C and 20 min was selected as the starting reaction
conditions and yielded a low 30% yield (Table 4). The time was increased in 5 min
increments to 35 min. Reaction times longer than 35 min lead to inconsistent results. The
reaction vial sat at room temperature for 2-4 h, after which time crystals formed and were
filtered.
T (°C)
170
170
170
170

Time (min)
20
25
30
35

Yield (%)
30
43
66
75

Table 4. Reaction conditions for 6-hexanoic acid indolenine 10
The optimized reaction conditions for the synthesis of benzothiazole derivatives under
microwave conditions and conventional heating methods in the literature are presented in
Table 5. The reaction times are significantly shorter and the percent yields are higher in
every example of the synthesis of these derivatives.
Salt

R

T (°C)

Time (min)

Yield (%)

6
7
8
9
10

Et
Me
Pr
-(CH2)2OH
-(CH2)5CO2H

170
120
170
100
170

20
20
20
35
35

83
85
65
58
75

Lit. Yield
(%)
48
60
5
N/A
61

Lit Time
(h)
48
7
7
6
48

Table 5. Reaction conditions for benzothiazole quaternary salts
2.3 Other salt derivatives
2.3.1 Lepidine derviative
An interesting RNA antagonist precursor, 1-(6-ethoxy-6-oxohexyl)-4-methylquinolinium
iodide quaternary ammonium salt has been synthesized. 1-(6-methoxy-6-oxohexyl)-4methylquinolinium chloride quaternary salt has been synthesized in two steps in 37%
overall yield (Figure 11) (Carreon, Stewart et al. 2007). The rapid solvent-free synthesis of
the N-ethoxycarbonylhexyl quaternary salt from commercially available lepidine in one step
in 56% yield with minimal purification is described.
Commercially available 6-bromohexanoic acid was converted to the iodide using Finkelstein
reaction conditions. In these studies, the typically more reactive iodide alkyl halide yielded
yields comparable to the commercially available bromide suggesting the extra step of
halogen exhange is not necessary. The percent yields for the iodo and bromo salts were
comparable (Table 6).
During the reaction time studies an increase in yield was observed when the reaction
stopped midway, cooled to room temperature and resubjected to microwave irradiation for
addional time. The difference was 10 points for both 9 and 7 min total reaction time (Table
7). This could be attributed to the additional time exposed to microwave irradiation due to a
second 4 min ramp time during the resubjections.
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OR

N

Ethyl 6-iodohexanoate

X-

mw 7 min, 56%

O

1a: R = Et, X = I
1b: R = Me, X = Cl
SOCl2
MeOH

ο

125 C, 4h
6-bromohexanoic acid
42%

50οC, 3h
87%

N

OH
Br-

O

Fig. 11. Synthesis of lepidine quaternary salt
X
Br
Br
I
I

Temp
120
120
120
120

Time
7
7
7
7

Yield
49
54
52
56

Table 6. Reaction conditions for lepidine synthesis
Trial
1
2
3
4
5
6

Time
9
9
5+4
5+4
7
3+4

Yield
49
46
56
60
44
54

Table 7. Lepidine derivative time studies
2.3.2 Methylbenzothiazole acetonitrile
In some cases, cyanine dyes have a tendency to photobleach. The incorporation of α-cyano
group has been shown to increase the photostability of the dye. Initial studies focus on the
improvement of the synthesis of the α-cyano heterocyclic salt. Previous studies utilized
conventional heating to synthesize α-cyano cyanine dyes.
S

120 ο C
36h 53%

N

N

S
N

Et

Fig. 12. Synthesis of methylbenzothiazole acetonitrile quaternary salt

N
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Methybenzothiazole acetonitrile was treated with iodoethane; temperature, hold time, and
mole ratio were manipulated. Based on NMR data, the reaction yielded a mixture of starting
material and product. The reaction required heating at 120 °C for 36h to achieve the cyano
salt in 53%. The sluggish nature of this reaction under conventional heating conditions was
mimicked in our preliminary studies (Table 8). Higher temperatures lead to decomposition,
while lower temperatures provide a mixture of starting material and product.
Entry
1
2
3
5
6
7

Temp
(°C)
130 °C
130 °C
130 °C
140 °C
170 °C
170 °C

Time
(min)
40
40
50
40
10
20

Yield
(%)
34%
36%
41%
21%
-

Outcome
Product
Product/ SM
Product/ SM
Product
decomposed
decomposed

Table 8. Reaction conditions for methylbenzothiazole acetonitrile quaternary salts

3. Cyanine dye synthesis
3.1 Symmetrical cyanine dye synthesis
Herein, we report the microwave synthesis of five cyanine dyes derived from the
aforementioned heterocyclic salts. The microwave reaction conditions were determined
using the Biotage single-mode microwave system. The reaction of the N-((E)-(2-chloro-3((E)-(phenylimino)methyl)cyclohex-2-enylidene)methyl)aniline (1eq) and 2,3,3-trimethyl-1ethyl-3H-indolium iodide (2eq) served as the model system (Figure 13).
Cl

RX
N

N
R

PhHN

NPh

NaOAc
EtOH
Cl
N
R

N
R

NIR-1: R = Me; NIR-2: R = Et; NIR-3: R = Pr; NIR-4: R = CH2CH2OH; NIR-5: R = (CH2)5CO2H

Fig. 13. Synthesis of NIR dyes
The reaction was examined using a temperature range from 100 °C to 160 °C in 10 °C
increments (Table 9). The vials were cooled to 0 °C, filtered and washed with diethyl ether to
yield greenish-gold crystals in yields from 53 – 79%. The optimum temperature proved to be
120 °C (79%). The yield decreased by around 13% for each 10 °C increase from 140 °C to
160 °C. An increase in time from 20 min to 30 min did not lead to an improved percent yield.
The purity of each sample produced from each trial was the same by 1H and 13C NMR.
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Trial

Temp.
(°C)

1

247
Yield
(%)

100

Time
(min)
20

2

110

20

63

3

120

20

79

4

130

20

70

5

140

20

72

6

150

20

61

7

160

20

53

8

120

30

77

61

Table 9. Temperature studies for NIR-2
The optimized reaction conditions for NIR-2 were examined using a variety of heterocyclic
salts. The hold time, and temperature for each heterocyclic salt was studied. The optimized
reaction conditions are presented in Table 2. NIR-5 provides two sites for protein labeling in
biosensor applications. In most cases, the yield was comparable or exceeded the published
yields (Table 10). Most significant is the substantially decreased reaction time and simplicity
of reaction procedure. The yields presented are the yields without resubjection of the
filtrates.
Dye

R

Yield
(%)

Lit. Yield
(%)

NIR-1

Me

72

66

NIR-2

Et

79

81

NIR-3

Pr

81

NR

NIR-4

(CH2)2OH

64

NR

NIR-5

(CH2)5CO2H

83

NR

Table 10. Structure and yields for synthesis of symmetrical dyes
3.2 Unsymmetrical cyanine dye synthesis
Unsymmetrical cyanine dyes have been widely used in probes for bio-analytical
applications. The growing range of applications has warranted the need for a convenient,
reliable synthesis of these molecules. The synthesis of these compounds has been a challenge
due to the production of the symmetrical dye alongside the desired unsymmetrical dye (Lin,
Weissleder et al. 2002; Toutchkine, Nalbant et al. 2002; Kim, Kodagahally et al. 2005; Jiang,
Dou et al. 2007). The purification of this mixture is nontrivial requiring multiple
chromatographic steps that often lead to low yields. The reaction is a two step process that
involves the synthesis of the hemicyanine intermediate followed by conversion to the
unsymmetrical dye.
Our reaction protocol is: HET1, bisimine, and NaOAc in ethanol are combined and irradiated
for 15 min at 100 °C. Then HET2 and NaOAc are added to the mixture and irradiated for 15
min at 100 °C. The reaction time is reduced from 2-4 hours at 120 °C to 15 min at 100 °C for
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initial step A (Figure 15). Isolation of the hemicyanine has been eliminated from the process,
completely removing the opportunity for the hemicyanine to form symmetric dye during
isolation. The absence of this also eliminates the use of large amounts of solvents during
purification. The reduced reaction time substantially minimizes hemicyanine exposure to
conditions that facilitate its reversibility. The same line of reasoning holds true for the
second condensation reaction C between the hemicyanine and HET2 to form the
unsymmetrical dye. Although symmetric dye was not detected in the 1H NMR, it cannot be
stated that none was formed during the microwave process. The actual amount of symmetrical
dye formed at each step must be quantified and will be the focus of future studies.
Cl
N
1

PhHN

NPh

INaOAc
EtOH

N
HO2C

5

2

I-

Cl
N

N

I-

CO2H

Fig. 14. Synthesis of unsymmetric dye

A
HET1

Bisimine

B

Symmetric Dye

Hemicyanine

Purification

Unsymmetric Dye

HET2

C

Purification

Unsymmetric Dye

Fig. 15. Pathways of symmetrical dye formation

Hemicyanine
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The treatment of ethyl salt 1 with bisimine and sodium acetate in ethanol for 10 min at
120 °C in a microwave oven affords the hemicyanine intermediate on literature precedence.
The solution was allowed to cool to rt and salt 2 and 1 eq. of sodium acetate based was
added to the vial and irradiated for an additional 10 min at 120 °C. The product was filtered
and analyzed using 1H NMR. These conditions were applied to the synthesis of three
additional unsymmetrical cyanine dyes (Table 11).
Dye

R1

R2

Wavelength

Percent Yield

NIR-6
NIR-7
NIR-8
NIR-9

Et
Et
(CH2)2OH
(CH2)5CO2H

Pr
Me
Et
Me

780
780
782
780

58%
44%
75%
69%

Table 11. Structure and yields for synthesis of unsymmetrical dyes

4. Properties
Fluorescence spectroscopy has become a key technique for the detection and elucidation of
biological processes. Most fluorescence sensors for bio-analytical applications fluoresce in
the visible region (400-650 nm) (Wehry 1976). A disadvantage of this technique is that most
biomolecules also fluoresce in this region, causing significant background interference. Near
infrared (NIR) dyes, however, fluoresce in the 650-1000 nm range with minimal background
interference from biomolecules and high sensitivity (Hammer, Owens et al. 2002). Some of
the advantages of NIR fluorescence based detection techniques include: increased detection
sensitivity and selectivity due to the absence of background interference; increased photo
stability and less photo bleaching effects because of lower excitation energies associated
with the NIR region; good compatibility with cost effective light excitation sources and solid
state detectors; and the easy adaptation to valuable visible fluorescence analytical
techniques such as fluorescence energy transfer (FRET), two-photon excitation, and metal
enhanced fluorescence (MEF).
In particular, cyanine dyes have widespread application as fluorescent probes. The spectral
properties of fluorescent probes assist in the determination of how they are applied in a
variety of analytical techniques. Properties such as wavelength absorbance and emission
ranges, Stokes shifts, and spectral bandwidths are used to address the various requirements
associated with different analytical techniques. One emerging area of interest for promising
analysis applications that use cyanine dyes is metal enhanced fluorescence. The
characteristic low quantum yields of these dyes suggest they have potential applications in
metal enhanced fluorescence related techniques. Metal enhanced fluorescence is a form of
fluorescence where plasmon waves generated by metals deposited on a glass substrate can
increase the fluorescence of fluorophores within the influencing range of the wave. The
phenomenon is demonstrated most effectively in fluorophores that have low quantum
yields. Because of the energy associated with the longer wavelengths of the NIR, and the
moderately low quantum yields associated with this class of compounds, the potential
application for these compounds as MEF probes or labels are promising (Lakowicz,
Parfenov et al. 2003; Lakowicz, Geddes et al. 2004). While these dyes are well-known, they
are costly with limited commercial availability.
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Absorbance
and
Fluorescence
Intensity

Figure 16 shows the absorbance spectrum for microwave synthesized NIR-2 along with its
corresponding fluorescence spectrum. The fluorescence intensity was scaled to the
absorbance scale for comparison purposes. The absorbance maximum was absorbed at 779
nm. A fluorescence maximum intensity was observed at 795 nm, demonstrating a Stokes
shift of 16 nm. While the observed Stoke’s shift is considered moderate, it is typical for the
heptamethine cyanine class of NIR dyes.
100
Absorbance

50
0
650

700
750
800
Wavelength (nm)

850

Fig. 16. A graph of the absorbance spectra along with the relative fluorescence intensity of
the NIR dye, NIR-2 (in ethanol) demonstrates a Stokes shift of 16 nm
The spectral analysis of the five synthesized compounds demonstrates characteristics that
are similar to what has been reported previously for this class of compounds (Table 12).
They typically have large molar absorption extinction coefficients (molar absorptivities),
moderate Stoke’s shits, and small quantum yields. The overall detection sensitivities are a
reflection of the moderate Stoke’s shifts observed for the compounds as well as the
limitation of the Hamatsu 928-PMT red sensitive photomultiplier tube used in the Cary
Eclipse fluorescence spectrophotometer. This is expected as fluorescence detection moves to
longer wavelengths because background interference from molecules with similar
fluorescence properties is minimized. In the visible part of the spectrum, fluorescence
detection sensitivity depends on both the responsivity of the detector and on background
interference from molecules found in the detection medium with similar spectral properties.
In the NIR spectral region, only the responsivity of the detector and the optical limitations of
the instrument limit detection sensitivity. Because of the size of the Stoke’s shift, detection
sensitivity is influenced by scattered light effects that occur when light from the excitations
source of the fluorescence spectrophotometer is scattered in the solvent medium and bleeds
over into the instrument’s detector. This reduces the signal-to-noise ratio (S/N) which limits
the detection sensitivity. As the size of the Stoke’s shift increases, the S/N increases and this
improves the detection sensitivity. Increasing the size of the Stoke’s shift is an important
priority in future synthetic work as a way to directly improve detection sensitivity and
create compounds that are effective labels and probes. Some promising work on increasing
the Stoke’s Shift of NIR heptamethine cyanine dyes has been reported (Peng, Song et al.
2005). Large Stoke’s shifts greater than 100 nm can be obtained by substituting the chlorine
with an alkyl amino group at the central position of the heptamethine cyanine dyes. This
substitution process is very compatible with microwave assisted synthesis techniques and is
expected to contribute greatly to future generations of NIR fluorescent probes. Increasing
the Stoke’s shifts of these dyes will translate into photo stable NIR fluorescent probes with
significant increases in sensitivity. When used as the probe part of fluorescence based
biosensors, novel NIR fluorescent dyes are expected to improve the sensitivity and dynamic
range of current fluorescence biosensor analytical detection techniques.
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NIR-1
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Detection
Absorption Emission
Stokes Quantum
Molar
sensitivity
λabs (nm) λems (nm) shift (nm)
yield
absorptivity
(M)
779
795
16
0.041
1E-08
2.8E+05
780
798
18
0.024
7.2E-09
1.6E+05
785
802
17
0.025
1.7E-08
1.2E+05
785
802
17
0.022
4E-09
4.3E+05
785
805
20
0.022
1.8E-08
2.4E+05

E 'OX
(V)
0.42
0.40
0.40
N/A
N/A

Table 12. Spectral characteristics
While the microwave assisted syntheses of unsymmetrical heptamethine cyanines remain a
work in progress, preliminary spectral analyses of unsymmetrical compounds indicate no
significant difference in spectral properties from their symmetrical counterparts (Table 13).
While shifts were detected in absorption and emission wavelengths, the absorption
wavelengths remained in the 780 nm range and the Stoke’s shifts observed were considered
insignificant. The quantum yields observed remained moderately low and very compatible
for use in FRET and MEF applications. The slight increases observed for detection sensitivity
were not significant, and the overall molar absorptivities remained in the range of
symmetrical dyes with similar peripheral functional groups. The effect of substituting
functional groups on the outer edges of the compounds in order to change their symmetry
has no significant overall effect on the spectral properties of this class of dyes. This
demonstrates the flexibility of these compounds in their ability to be used in fluorescence
analytical applications. It is also a further indication of the potential of this class of
compounds as probes for NIR fluorescence biosensor applications.
Dye

Absorption
λabs (nm)

Emission
λems (nm)

NIR-6
NIR-7
NIR-8
NIR-9

785
780
780
780

801
796
800
796

Stokes
shift
(nm)
16
16
20
16

Quantum
yield
0.021
0.021
0.020
0.021

Detection
sensitivity
(M)
5.2E-09
4E-09
2.2E-09
7.7E-09

Molar
absorptivity
1.9E+05
3.1E+05
2.1E+05
2.3E+05

Table 13. Spectral characteristics of unsymmetrical dyes
In addition to Stoke’s shift properties, the high molar absorptivity and molar extinction
coefficients that characterize this class of dye are additional spectral properties that can be
successfully utilized in the improvement of current fluorescence biosensor analytical
techniques. The size of the molar extinction coefficients coupled with the relatively low
quantum yields suggest several potentially useful application possibilities. A main concern
for this class of NIR dyes are chemical photostability and photobleaching effects. Because
the molar extinction coefficients are high compared to conventional visible fluorophores,
larger amounts of energy can be pumped into these dyes and at longer wavelengths. When
this effect is coupled with the presence of a stabilizing ring system in the center of the
molecule, chemical photo stability is maximized. Typically, photostability is limited by the
number of cycles that a single dye molecule can achieve before it decomposes. A cycle is
defined as the process where a fluorophore is excited and then fluoresces as it returns to its
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ground state. More cycles suggest greater detection sensitivity because more photons are
produced as photo stability increases. The combination of high molar absorptivity at longer
wavelengths for the NIR cyanine class of fluorophores, coupled with the low excitation
energy from NIR excitation light sources, insures maximized photo stability for dyes in this
region.
Another useful application is related to the property of moderately low quantum yields that
typically characterize cyanine dyes. Metal enhanced fluorescence is a form of fluorescence
where plasmon waves generated by metals deposited on a glass substrate can increase the
fluorescence of fluorophores within the influencing range of the wave. The phenomenon is
dependent on the fraction of nonradiative decay being much greater than radiative decay.
The lower the quantum yield, the greater the potential for the MEF effect to occur. Again,
because of the energy associated with the longer wavelengths of the NIR, and the low
quantum yields associated with this class of compounds, the potential application for these
compounds as MEF probes or labels are promising.

5. Conclusions
MAOS has provided substantial decreased reaction times, simplicity of reaction procedure,
and comparable or increased reaction yields for a variety of N-alkylheterocyclic salts and
symmetrical and unsymmetrtical cyanines. The microwave synthesis is a straightforward
synthesis that yields cyanine dyes that do not need rigorous purification via column
chromatography. The percent yields are reflective of single runs without subjecting unreacted
starting materials to the reaction conditions multiple times to achieve high percent yields.

6. Acknowledgments
This work was supported by NSF-HRD 0627276 and the Morgan State University’s
Department of Chemistry. The authors also acknowledge Department of Homeland Security,
Office of University Programs, Science & Technology Directorate: DHS 2008-ST-062-000011
for support.

7. References
Anastas, P. T. W., T.C. (1998). Green Chemistry: Frontiers in Benign Chemical Synthesis and
Processes. Oxford, UK, Oxford University Press.
Bowman, M. D., Leadbeater, N. E. and Barnard, T. M. (2008). "Watching microwavepromoted chemistry: reaction monitoring using a digital camera interfaced with a
scientific microwave apparatus." Tetrahedron letters 49(1): 195-198.
Caputo, G., Della Ciana, L. (2002). Improved Process and Method for the Preparation of
Asymmetric Monofunctionalised Indocyaine Labeling Reagents and Obtained
Compounds. E. Patent.
Carreon, J. R., Stewart, K. M., Mahon Jr, K. P., Shin, S. and Kelley, S. O. (2007). "Cyanine dye
conjugates as probes for live cell imaging." Bioorganic & medicinal chemistry
letters 17(18): 5182-5185 %@ 0960-894X.
Elizalde, L. E., Ledezma, R. and Lopez, R. G. (2005). "Synthesis of Photochromic Monomers
Derived from 1 -(2-Methacryloxyethyl)-3, 3-Dimethyl-2-[2H]-Spirobenzopyran
Indoline." Synthetic Communications 35(4): 603-610 %@ 0039-7911.

Application of Microwave Assisted Organic Synthesis
to the Development of Near-IR Cyanine Dye Probes

253

Gedye, R., Smith, F., Westaway, K., Ali, H., Baldisera, L., Laberge, L. and Rousell, J. (1986).
"The use of microwave ovens for rapid organic synthesis." Tetrahedron letters
27(3): 279-282.
Getvoldsen, G. S., Elander, N. and Stone-Elander, S. A. (2002). "UV Monitoring of
Microwave-Heated Reactions-A Feasibility Study." CHEMISTRY-WEINHEIMEUROPEAN JOURNAL- 8(10): 2255-2260.
Giguere, R. J., Bray, T. L., Duncan, S. M. and Majetich, G. (1986). "Application of commercial
microwave ovens to organic synthesis." Tetrahedron letters 27(41): 4945-4948.
Hammer, R. P., Owens, C. V., Hwang, S. H., Sayes, C. M. and Soper, S. A. (2002).
"asymmetrical, water-soluble Phthalocyanine dyes for covalent labeling of
oligonucleotides." Bioconjugate Chem 13(6): 1244-1252.
Hayes, B. L. (2002). Microwave Synthesis Chemistry at the Speed of Light, CEM Publishing.
Hirano, M., Osakada, K., Nohira, H. and Miyashita, A. (2002). "Crystal and solution
structures of photochromic spirobenzothiopyran. First full characterization of the
meta-stable colored species." J. Org. Chem 67(2): 533-540.
Jiang, L. L., Dou, L. F. and Li, B. L. (2007). "An efficient approach to the synthesis of watersoluble cyanine dyes using poly (ethylene glycol) as a soluble support."
Tetrahedron letters 48(33): 5825-5829 %@ 0040-4039.
Jung, M. E. and Kim, W. J. (2006). "Practical syntheses of dyes for difference gel
electrophoresis." Bioorganic & medicinal chemistry 14(1): 92-97.
Kim, J. S., Kodagahally, R., Strekowski, L. and Patonay, G. (2005). "A study of intramolecular
H-complexes of novel bis (heptamethine cyanine) dyes." Talanta 67(5): 947-954 %@
0039-9140.
Lakowicz, J. R., Geddes, C. D., Gryczynski, I., Malicka, J., Gryczynski, Z., Aslan, K.,
Lukomska, J., Matveeva, E., Zhang, J. and Badugu, R. (2004). "Advances in surfaceenhanced fluorescence." Journal of Fluorescence 14(4): 425-441 %@ 1053-0509.
Lakowicz, J. R., Parfenov, A., Gryczynski, I., Malicka, J. and Geddes, C. D. (2003). "Enhanced
fluorescence from fluorophores on fractal silver surfaces." J. Phys. Chem. B 107(34):
8829-8833.
Leadbeater, N. E. and Smith, R. J. (2007). "In situ Raman spectroscopy as a probe for the
effect of power on microwave-promoted Suzuki coupling reactions." Organic &
Biomolecular Chemistry 5(17): 2770-2774.
Lew, A., Krutzik, P. O., Hart, M. E. and Chamberlin, A. R. (2002). "Increasing rates of
reaction: microwave-assisted organic synthesis for combinatorial chemistry." J.
Comb. Chem 4(2): 95-105.
Lin, Y., Weissleder, R. and Tung, C. H. (2002). "Novel near-infrared cyanine fluorochromes:
synthesis, properties, and bioconjugation." Bioconjugate Chem 13(3): 605-610.
Mank, A. J. G., Van der Laan, H. T. C., Lingeman, H., Gooijer, C., Brinkman, U. A. T. and
Velthorst, N. H. (1995). "Visible Diode Laser-Induced Fluorescence Detection in
Liquid Chromatography after Precolumn Derivatization of Amines." Analytical
Chemistry 67(10): 1742-1748.
Mason, S. J., Hake, J. L., Nairne, J., Cummins, W. J. and Balasubramanian, S. (2005). "Solidphase methods for the synthesis of cyanine dyes." J. Org. Chem 70(8): 2939-2949.
Mujumdar, R. B., Ernst, L. A., Mujumdar, S. R., Lewis, C. J. and Waggoner, A. S. (1993).
"Cyanine dye labeling reagents: sulfoindocyanine succinimidyl esters."
Bioconjugate Chemistry 4(2): 105-111.

254

Environmental Biosensors

Narayanan, N. and Patonay, G. (1995). "A new method for the synthesis of heptamethine
cyanine dyes: synthesis of new near-infrared fluorescent labels." The Journal of
Organic Chemistry 60(8): 2391-2395 %@ 0022-3263.
Pardal, A. C., Ramos, S. S., Santos, P. F., Reis, L. V. and Almeida, P. (2002). "Synthesis and
spectroscopic characterisation of n-Alkyl quaternary ammonium salts typical
precursors of cyanines." Molecules 7: 320-330.
Peng, X., Song, F., Lu, E., Wang, Y., Zhou, W., Fan, J. and Gao, Y. (2005). "Heptamethine
cyanine dyes with a large stokes shift and strong fluorescence: a paradigm for
excited-state intramolecular charge transfer." J. Am. Chem. Soc 127(12): 4170-4171.
Perumal, P. T. a. P. T. (2011). "The synthesis and photophysical studies of pyridinyl-1,2,4triazine derivatives and use as a fluorescent sensor for ferric salts." Dyes and
Pigments 88: 403-412.
Stoyanov, S. "Probes: dyes fluorescing in the NIR region." Near-Infrared Applications in
Biotechnology: 35–93.
Toutchkine, A., Nalbant, P. and Hahn, K. M. (2002). "Facile synthesis of thiol-reactive Cy3
and Cy5 derivatives with enhanced water solubility." Bioconjugate Chem 13(3):
387-391.
Wehry, E. (1976). Modern Fluorescence Spectroscopy 2, Plenum Press, New York.
Winstead, A., Hijji, Y., Hart, K., Jasinskib, J. and Butcher, R. (2010). "1-(5-carboxypentyl)2,3,3-Trimethyl)-3H-Indolium Bromide." Acta Cryst E66: o171–o172.
Winstead, A.J., Hart, K., Fleming, N. Toney, D., Microwave Synthesis of Quaternary Ammonium
Salts. Molecules, 2008. 13: p. 2107-2113.
Winstead, A.J., Williams, R., Hart, K., Fleming, N., Kennedy, A., Microwave Synthesis of Near
Infrared Heptamethine Cyanine Dye. The J. of Microwave Power and Electromagnetic
Energy, 2008. 42: p. 42-1-35 – 42-1-41.

Part 3
Detection and Monitoring

12
Biosensor for the Determination of
Biochemical Oxygen Demand in Rivers
Gab-Joo Chee

Department of Biochemical Engineering, Dongyang Mirae University
South Korea
1. Introduction
Population growth and industrialization have caused serious environmental pollution.
Environmental pollution has become global issues beyond a region or a country, and is the
introduction of contaminants, which are synthetic chemicals, pesticides, and heavy metals
etc, into environmental system. Biopersistent organic chemicals of them particularly cause
instability, disorder, harm or discomfort to ecosystem. Biopersistent organic chemicals are
present as pollutants in wastewater effluents from industrial manufacturers or normal
households. Environmental problems with such organic pollutants are becoming
progressively worse all over the world. They are increasingly found in groundwater wells,
rivers, lakes, and seas. Our drinking water sources, in particular, have also become polluted.
A rapid and online monitoring of organic pollutants in water systems is a process that is
essential for not only health of human but also environmental protection and ecosystem.
Environmental pollutants in water systems have been evaluated as indicators including
biochemical oxygen demand (BOD), chemical oxygen demand (COD), and total organic
carbon (TOC) etc. Unlike chemical analyses such as COD and TOC, BOD is a method
evaluated by the microbial ecosystem by the American Public Health Association (APHA)
(APHA, 1986) because the indicator is based on the metabolic activity of aerobic
microorganisms. Therefore, BOD analysis directly represents some influences of organic
pollutants on natural ecosystems. In 1884, the modern concept of biochemical oxidation
aroses, when it was showed that the decrease in the dissolved oxygen (DO) content of
incubated samples was caused by metabolic activity of the microorganisms present
(Leblanc, 1974).
The 5-day BOD (BOD5) test method, however, requires an incubation period of 5 days under
specified standard conditions described by the American Public Health Association
Standard Methods Committee. This method is not desirable not only for process control and
environmental monitoring, but also for remediation it produces a quick feedback. Thus, a
fast and simple estimation of BOD is required as an alternative method to circumvent the
disadvantages of the conventional test (BOD5). A rapid and reliable method for BOD
estimation was first developed by Karube et al. (Karube et al., 1977b). Since then many kinds
of microbial sensors instead of BOD5 analysis have been reported (Kulys & Kadziauskiene,
1980; Lin et al., 2006; Riedel et al., 1990; Sakaguchi et al., 2003; Stand & Carlson, 1984; Tanaka
et al., 1994; Yang et al., 1997; Yoshida et al., 2000). They generally consist of microorganisms
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immobilized on a porous membrane and an oxygen probe. In addition, bioelements have
been used for over 17 species of microorganisms, and transducers have adopted ether
amperometric or optical oxygen probes. These microbial sensors have been developed for
BOD analysis in industrial effluents, which contain high concentrations of organic
pollutants. Solutions containing glucose and glutamic acid (GGA), which are adopted to the
BOD5 test method by the APHA, have been used as standard for the calibration of BOD
sensors.
On the other hand, rivers, which are drinking water sources, generally contain biopersistent
organic compounds such as humic acid, lignin, tannic acid, and gum arabic. In river waters
in Japan, the BOD values are generally <10 ppm, and especially drinking water sources < 3
ppm (River Bureau, 1992). The microbial biosensors described above are not suitable to
evaluate low BOD in drinking water sources. Therefore, the biosensor for the evaluation of
low BOD in rivers has been developed and applied.

2. Constituents of BOD sensor systems
BOD sensor systems consist of a bioelement and a transducer. Bioelements utilized in BOD
sensors have shown high respiration rate to organic compounds in industrial effluents and
wastewaters. Bioelements are as follows: Arxula adeninivorans LS3 (Chan et al., 1999;
Lehmann et al., 1999), Bacillus subtilis (Riedel et al., 1988), Bacillus subtilis and Bacillus
licheniformis (Tan et al., 1992), Citrobacter sp. and Enterobacter sp. (Galindo et al., 1992),
Enterobacter cloacae (Villalobos et al., 2010), Clostridium butyricum (Karube et al., 1977a),
Hansenula anomala (Kulys & Kadziauskiene, 1980), Klebsiella oxytoca (Ohki et al., 1994),
Lipomyces kononenkoae (Reiss et al., 1993), Photobacterium phosphoreum (Hyun et al., 1993),
Pseudomonas putida (Li & Chu, 1991), Rhodococcus erythropolis and Issatchenkia orientalis
(Riedel, 1998), Saccharomyces cerevisiae (Seo et al., 2009), Serratia marcescens LSY4 (Kim &
Kwon, 1999), Torulopsis candida (Sangeetha et al., 1996), Trichosporon cutaneum (Hikuma et al.,
1979; Karube et al., 1977b; Yang et al., 1996), activated sludge (Sakai et al., 1995), mixture of
microorganisms (Stand & Carlson, 1984), multi-species culture (BODSEED) (Tan & Wu,
1999), and thermophilic bacteria (Karube et al., 1989). Transducers are typically two oxygen
probes, which are a Clark oxygen electrode described as an electrical current and an oxygen
optrode displayed as fluorescence intensity. A Clark oxygen electrode (Karube et al., 1977b;
Riedel et al., 1988; Seo et al., 2009; Tan & Wu, 1999; Yang et al., 1996) has been widely adopted
in BOD sensors, but recently an oxygen optrode (Chee et al., 2000; Jiang et al., 2006; Kwok et
al., 2005; Lin et al., 2006) is also often applied. An oxygen electrode consists of a platinum
cathode, a plumbum anode, a PTFE membrane and an electrolyte solution. While an oxygen
optrode contains a fluorescer and an optical fiber. The presence of oxygen, acting as a
quencher, reduces fluorescence intensity of the indicators.
2.1 Media and bioelement
The composition of the medium was selected according to the analysis of the secondary
effluents from the municipal sewage treatment plants in Japan (Murakami et al., 1978;
Tanaka et al., 1994). The limited medium involved humic acid, lignin, tannic acid, gum
arabic, and surfactant as carbon sources. These organic compounds could not be easy
biodegradable by microorganisms. For the isolation of microorganisms utilizing refractory
organic compounds, the medium had the following composition per liter of distilled water:
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nitrohumic acid, 2 g; gum arabic, 2 g; sodium ligninsulfonate (NaLS), 2 g; tannic acid, 2 g;
linear alkylbenzene sulfonate (LAS), 2 g; NaNO3, 2.2 g; NaH2PO4, 0.2 g; Na2HPO4, 0.3 g;
MgSO4, 0.2 g; KCl, 0.04 g; CaCl2, 0.02 g; yeast extract, 0.02 g; FeSO4·7H2O, 1 mg; MoO3, 10
µg; CuSO4·5H2O, 5 µg; H3BO3, 10 µg; MnSO4·5H2O, 10 µg; ZnSO4·7H2O, 7 µg; the final pH
being 7.0. For the solid medium, 1.0% agarose was added. A serum bottle containing 20 mL
of the medium was cultured at 30°C with shaking at 170 rpm. Subculturing was carried out
every five days, each transfer involving the addition of 1 mL of broth to 20 mL fresh
medium.
Many soils, muds and activated sludge samples were collected and screened as to their
ability to biodegrade humic acid and lignin etc. Pseudomonas putida strain SG10 as an
optimal bioelement was isolated under aerobic conditions in the limited medium (Chee et
al., 1999b).
2.2 Measuring principles
2.2.1 The BOD5 test method
The 5-day BOD (BOD5) test method has been adopted in 1936 by the American Public
Health Association Standard Methods Committee (APHA, 1986). The BOD5 test method,
however, requires not only many complicated procedures, including a 5-day incubation, but
also experience and skill to get reproducible results. BOD5 is defined as the biochemical
oxygen demand of wastewaters, effluents, and polluted waters measured over 5 days at
20°C. Dissolved oxygen (DO) is measured initially and after incubation, and the BOD is
computed from the difference bewteen initial and final DO. The parameter is widely used
for the determination of biodegradable organic pollutants in water systems.
2.2.2 Biosensor method
BOD sensors consist of a biofilm and an oxygen electrode. A biofilm is a suitable
microorganism immobilized on a porous cellulose membrane. Generally, the BOD levels by
a biosensor are estimated with the steady-state method. A BOD sensor is immersed into a
buffer solution saturated with an air, and in a few minutes the current output of an oxygen
probe becomes a steady state, because the diffusion rate of oxygen into a biofilm from the
solution in bulk reaches equilibrium with the consumption rate of oxygen by endogenous
respiration of the immobilized microorganism. The current output values coincident with
the DO in the solution in bulk are called an "initial or base current". When a BOD solution is
injected into a biosensor system, biodegradable organics diffuse into a biofilm from the
solution in bulk. Then, in several minutes the current output reaches another constant
current value which is smaller than the initial current, because the diffusion rate of oxygen
into a biofilm reaches equilibrium with the enhanced respiration rate of the biofilm by
increasing organics. The current output values are called a "peak current". A difference
between the initial current and the peak current is proportional to a concentration of
immediately biodegradable organics in a sample. From this difference, unknown substrate
concentrations are estimated. The determination time is normally 15–20 min followed by 15–
60 min recovery time.
2.3 Standard solutions
Currently, the BOD5 test method adopts glucose and glutamic acid (GGA) as a standard
check solution. A standard solution is a mixture of 150 mg glucose/L and 150 mg glutamic
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acid/L, and is similar to that obtained with many municipal waste waters. For the 300 mg/L
mixed solution, the BOD5 would be 220 mg/L with standard deviation of 10 mg/L (JIS,
1993). GGA solution is used as a standard solution for calibration of most of previously
reported BOD sensors. However, the components of river waters and secondary effluents
differ greatly from GGA solution. River waters and effluents usually contain refractory
organic compounds, such as humic acid, gum arabic, lignin, tannic acid, and surfactant.
Especially, these organic compounds account for over 50% in compositions of secondary
effluents according to the publication by Tanaka (Tanaka et al., 1994). Therefore, arbitrarily
selected refractory organic compounds, as reported in previously papers (Murakami et al.,
1978; Tanaka et al., 1994), were studied. The constituents of artificial wastewater (AWW) per
liter of distilled water are as follows: nitrohumic acid, 4.246 mg; gum arabic, 4.696 mg;
NaLS, 2.427 mg; tannic acid, 4.175 mg; LAS, 0.942 mg. In this study, The AWW is used as a
standard solution for calibration of the Pseudomonas putida SG10 BOD sensor. The AWW
solution is 3.7 mg/L of BOD5, and 5.89 mg/L of CODMN, respectively.
2.4 Biofilm
Cells in the stationary phase of growth were harvested by centrifugation at 6000 rpm for 10
min, washed twice with 50 mL of 10 mM phosphate buffer (pH 7.0), and were subsequently
resuspended in the same buffer. The biofilm was prepared using an aspirator connected to a
syringe filter holder (Advantec, Japan). Calculated amounts (wet cells 40 mg, OD660 = 1.7) of
the pure culture broth were dropped on a porous cellulose nitrate membrane (20 mm
diameter, 0.45 µm pore size, Advantec, Japan). Microorganisms were adsorbed on the
membrane by suction, and then another similar membrane was placed on immobilized
microorganism membrane and was re-adsorbed by using the equipment above, i. e.
microorganisms were sandwiched between two porous membranes. The microorganism
membrane was washed with 10 mM phosphate buffer. The biofilm was placed on an oxygen
electrode, and fixed in place using 200 mesh nylon and an 'O'-ring.

3. Performance of the BOD sensors
3.1 Amperometic microbial BOD sensor
3.1.1 Chariterization and response
The oxygen electrode with the biofilm of P. Putida SG10 was inserted into the detection
chamber containing 50 mL of 10 mM phosphate buffer saturated with air, while
continuously stirring with a magnetic bar. The temperature of the detection chamber was
maintained at 30°C using a constant temperature water bath. The current output of the
oxygen electrode was measured using a digital multimeter (Model TR6840, TakedaRiken,
Japan) and an electronic poly recorder (Model EPR-200A, TOA Electronics, Japan).
The values and linear correlation are shown in Fig. 1. Calibration was performed using the
response data at the steady state. A linear relationship was observed ranging 0.5 to 10 mg/L
BOD. The dectection limit was 0.5 mg/L BOD. The response time of the biosensor depended
on the BOD level, taking between 2 and 15 min to reach the steady state. For BOD of 1
mg/L, reproducible responses could be obtained within ±10% relative error of the mean
value; standard deviation was 0.078 mg/L (n=5). On the other hand, Trichosporon cutaneum
typically employed in BOD sensors did not grow in AWW culture (data not shown).
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The influences of pH and temperature on the response were investigated for BOD of 1 mg/L
in 10 mM phosphate buffer. The optimum pH was investigated from pH 4.0 to 9.0. The
response rapidly increased to give a maximum at pH 7.0, and then decreased (Fig. 2). It will
be caused by the inactivation of P. putida at ether lower or higher pH values. The optimum
temperature was evaluted in the range of 5 to 40°C, and found to be a maximum at 35°C
(Fig. 3). Above 35°C, the response decreased slightly, which is probably also caused by the
inactivation of the microorganism by heat. In order to prolong the lifetime of the bacteria, a
temperature of 30°C was used in the biosensor.

Fig. 1. Correlation between BOD concentration and current decrease using the AWW
solution under the optimal conditions.

Fig. 2. Influence of pH on the sensor response at 30°C and AWW (1 mg/L BOD).
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The stability of the biosensor was determined over 15 min after it had been immersed in the
AWW solution (BOD of 1 mg/L), at pH 7.0 and 30°C. The biosensor response was found to
be fairly constant over a period of 10 days, with about ±10% fluctuations. The storage
stability of the biosensor was examined at 4°C. The biosensor could be stored in buffer
solution for 5 months without significant deterioration, but the biosensor had to be preconditioned for 1-2 days in the AWW solution (BOD of 1 mg/L) before use, in order to
achieve good sensitivity, stability, and reproducibility.

Fig. 3. Influence of temperature on the sensor response at pH 7.0 and AWW (1 mg/L BOD).
3.1.2 Interference on response
The influences of chloride ion and heavy metal ions on the biosensor response were
examined in 10 mM phosphate buffer (pH 7.0), at BOD of 1 mg/L. Here, NaCl was used as
the chloride ion source. The biosensor response was not dramatically affected by chloride
ion concentration of up to 1000 mg/L. Therefore, the biosensor could be applied to analyze
environmetal samples of high sodium chloride concentrations.
Most river waters contain various heavy metal ions like Fe3+, Cu2+, Mn2+, Zn2+, and Cr3+, and
the presence of these heavy metal ions in river waters may interfere with the activity of the
microorganisms (Collins & Stotzky, 1989). The influence of heavy metal ions on the
biosensor response was investigated at each 1 mg/L, because the highest concentration of
these ions in polluted Japanese rivers should be below 1 mg/L (River Bureau, 1992). The
results revealed that Fe3+, Cu2+, Mn2+, Zn2+, and Cr3+ have no effects on the response of the
biosensor.
3.1.3 Application
The BOD sensor was used to determine the BOD of various river waters in Japan, and the
values obtained were compared with the BOD5 method. As shown in Figure 4, the results
obtained by the biosensor are generally somewhat lower than the values obtained by the
BOD5 method. This behavior is attributable to the presence of compounds which are not
easily assimilable to the biosensor in such a short time.
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Fig. 4. Comparison of BOD values estimated by the sensor with those determined by the 5-day
method for various river waters.
3.2 Highly sensitive BOD sensors
The BOD sensor showed the very good response in the range of AWW up to 10 mg/L. The
biosensor with P. putida SG10 was used to evaluate BOD values of various enviromental
samples. The biosensor could determine low BOD values, 1–10 mg/L in river waters. In
analyses of river waters, however, this biosensor often dispalyed low values compared with
the BOD5 as well as other BOD sensors (Hikuma et al., 1979; Hyun et al., 1993; Ohki et al.,
1994; Yang et al., 1996). The results would show that refractory organics in river waters are
uneasily assimilable to the biofilm in such a short measuring time. To overcome this
problem, pretreatment by photocatalytic oxidation or ozonation was introduced in the
biosensor system (Chee et al., 1999a, 2001, 2005; Chee et al., 2007).
3.2.1 Photocatalytic BOD sensor
In 1972, Fujishima and Honda discorved the photocatalytic splitting of water which could be
decomposed into hydrogen and oxygen over an illuminated titanium dioxide
semiconductor electrode (Fujishima & Honda, 1972). With the help of this event,
photoelectrochemistry has expanded into a formidable field encompassing solar energy
conversion (Bard, 1982), photocatalysis (Fujihara et al., 1981; Hoffmann et al., 1995;
Linsebigler et al., 1995), decomposition of agrochemical (Lu & Chen, 1997), air and water
purification (Bolduc & Anderson, 1997; Rodriguez et al., 1996). In the photochemical
oxidation method, short wavelength UV-C (< 280 nm) light is commonly employed
(Prousek, 1996). On the other hand, photocatalytic experiments with titanium dioxide
usually use long wavelength UV-A (> 315 nm) light (Bahnemann et al., 1991; Egerton &
King, 1979; Hashimoto et al., 1984). Figure 5 shows a general schematic representation of the
degradation of organic compound in aqueous solution by electron-hole (e--h+) formation at
the surface of an illuminated titanium dioxide particle (Rajeshwar, 1995). When titanium
dioxide is illuminated with band gap energy of greater than 3.2 eV (380 nm), a photon
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excites an electron from the valence band (VB) to the conduction band (CB) and leaves an
electronic vacancy commonly referred to as a hole in the VB. The electron in the CB can be
transferred to adsorbed H+, O2 or the chlorinated pollutant initiating various reactions. The
hole in the VB can react with surface-bound water, hydroxide groups, anions and organic
substrate. Therefore organic compounds in aqueous solution are split to the formation of
compounds of lower molecular weight by photocatalytic oxidation. The result will increase
the sensitivity of the BOD sensor because organic compounds of lower molecular weight are
more readily biodegradable through the biofilm.

Fig. 5. Schematic diagram of simplified mechanism for the photoactivation of a titanium
dioxide particle.
3.2.1.1 Flow system with semiconductor photocatalysis and response
The flow system was developed to monitor continuously in river waters, as schematically
illustrated in Figure 6. The TiO2-AWW solutions were illuminated from 0 to 5 min by blacklight tube at room temperature. The slop of current was a maximum at irradiation time 4 min.

Fig. 6. The photocatalytic BOD sensor of the flow system using pretreatment by photocatalysis.
A column size: ID 22 x OD 34 x L 205 mm, total volume: 63 mL, amount of TiO2: 47 g, a UV
lamp: a 6W black, flow rate: 3 mL/min.
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The flow rate was 3 mL/min (Chee et al., 2005). Figure 7 showed the comparison of the
biosensor responses with and without photocatalysis. At BOD of 1 mg/L, the biosensor
responses obtained with and without photocatalysis were 0.20 and 0.15 µA, respectively.
The slope with photocatalysis, up to 10 mg/L BOD, increased 1.39 fold that without
photocatalysis. However, the biosensor response to BOD of 0.5 mg/L was hardly difference
in bewteen with and without photocatalysis. The results would indicate that organic
compounds in AWW solution would be adsorbed on surface of TiO2 particle when the
solution flowed into a photoreactor, and so some degraded organic compounds may stream
to a cell on the biofilm. Consequently, the biosensor would give the low response, whereas,
over 1 mg/L BOD, the solution from a photoreactor outlet after photocatalysis was fully to
give high response to the biosensor. Relative standard deviations with and without
photocatalysis at BOD of 2 mg/L were all both 12.0% (n=5).

Fig. 7. Comparison of the sensor responses with and without photocatalytic oxidation using
AWW in the flow system. □: without photocatalysis, ○: with photocatalysis.
The effect of the initial pH on the degradation of the photocatalytic AWW solution was
examined at four different pH values between pH 5.0-8.0. The effectivity of the
photocatalytic degradation is characterized by the current output. The current output is
hardly changed to pH 6.0, but increased with rising pH over pH 6.0. It is well known that
the surfaces of metal oxides in aqueous solution are covered with hydroxyl groups (Stumm
& Morgan, 1981). Surface groups of a metal oxide are amphoteric and the surface acid-base
equilibria are known as follows:
≡TiOH2+ <------> ≡TiOH + H+
≡TiOH <------> ≡TiO– + H+
where ≡TiOH represents the "titanol" surface group. The neutral surface species, TiOH is
predominant over a broad range of pH 3 to 10. At below the pH of zero point of charge,
pHzpc, the TiO2 surface becomes a net positive charge because of the increasing fraction of
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total surface sites present as ≡TiOH2+. On the other hand, at above pHzpc the surface has a
net negative charge because of a significant fraction of total surface sites present as ≡TiO–.
The interaction with cationic electron donors and electron acceptors will be favored for
heterogeneous photocatalytic activity at high pH (> pHzpc), while anionic electron donors
and acceptors will be favored at low pH (< pHzpc). AWW solution is mixing compounds.
The compounds may be significant photocatalytic activity at high pH. The organic
compounds would be also decomposed by hydroxyl radicals which are very strong oxidant.
The hydroxyl radicals mainly yield with hydroxide ions in the reaction of h+ of the VB
(Turchi & Ollis, 1990).
3.2.1.2 Lifetime of TiO2
Lifetime of TiO2 was investigated using AWW solution, BOD of 10 mg/L by TOC analyzer.
As shown in Figure 8, TOC dramatically decreased until 40 times, and had 50% of the
initiation at about 70 times. With 40 times or more, a decrease of TOC/TOC0 with UV
irradiation was observed. Because organic compounds streaming through a photoreactor
may be quickly adsorbed by diffusing on the surface of TiO2 particles (Bandala et al., 2002;
Robert & Weber, 2000). The ratio of TOC/TOC0 without UV irradiation also decreased 1015%. Consequently, the degradation of organic compounds fell on the surface of TiO2 with
photocatalysis. Over 70 times, especially, the ratio of TOC/TOC0 extremely decreased. It
suggests that the surface of titanium dioxide particles might be saturate with organic
compounds by repetition of the sample introduction. The detection time was 20 min, and
sequent determination was carried out without washing. Determining real samples, halflifetime of TiO2 would be predicted longer because of a repetition of determining and
washing.

Fig. 8. Photocatalytic oxidation rates of TiO2 using AWW in the flow system. TOC0: AWW
non-through a photoreactor, TOC: AWW through a photoreactor, □: without irradiation, ○:
with irradiation (i. e. pretreatment by potocatalysis.).
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3.2.1.3 Effects of free radicals and H2O2
The yield of hydrogen peroxide with photocatalysis was investigated in AWW solution (10
mg/L) that passed through a photoreactor. Organic compounds react on the surface of TiO2
under UV irradiation, and many free radicals and hydrogen peroxide are produced. These
were toxicity to microorganisms (Bilinski, 1991; Brandi et al., 1989a). Microorganisms
exposed under hydrogen peroxide and/or oxy-radicals were killed or changed its
morphology. Half-lifetime of hydroxyl radical, HO• and superoxide, O2•– were 10-9 s at 1M
and 2.5 s at 1 µM, respectively, while hydrogen peroxide was a relatively stable molecule in
water (Pryor, 1986).
H2O2 yielded using AWW solution (10 mg/L) through a photoreactor under irradiating UV
was quantitatively analyzed by spectrofluorometer (JASCO Co. Ltd, FP-770F, Japan).
Excitation and emission of scopoletin were 366 and 460 nm, respectively. H2O2 of 3.56 µM
was yielded in AWW solution that passed through a photoreactor under UV irradiation.
H2O2 of 1.75 mM was approximately equitoxic in bacteria, as a previously described paper
(Brandi et al., 1989b). Although bacteria are exposed to active oxygen or other radicals, they
have evolved mechanisms of defense against oxidative stresses that can damage most
cellular components, including proteins, lipids, and DNA. To overcome such oxidative
stresses, bacteria have genes such as soxR, soxS for superoxide radical, and oxyR, dps for
H2O2 and organic peroxides (Nair & Finkel, 2004). Dps protein, especially, can neutralize
toxic peroxides through its ferroxidase activity. Bacteria also can repair oxidatively
damaged DNA using genes such as recA, polA, and xthA. Accordingly, bacteria would be not
affected in stress environmental of very low concentrations. Therefore, the concentration
would not give the fluctuation in the sensor response. As shown in Figure 6, a photoreactor
to the biofilm on the oxygen electrode takes 3 min when the flow rate was 3 mL/min. Other
free radicals did not give the influences on the sensor response. The results showed that free
radicals will not affect microorganisms in the biofilm on the oxygen electrode because their
lifetime was extremely short.
3.2.2 Ozone catalytic BOD sensor
For the elimination of refractory organics from industrial wastewater and municipal
effluents, ozone pretreatment has been studied by numerous investigators (Gulyas, 1997;
Perkowski et al., 1996; Unkroth et al., 1997). Ozonolysis has been widely applied either to
eliminate or to decompose refrectory organic compounds in industrial wastewater and
municipal effluents (Gulyas et al., 1995; Widsten et al., 2004). During self-decomposition of
ozone in aqueous solutions, free radicals yielded are used as powerful oxidants to cleave
organic compounds in environmental samples (Staehelin & Holgné, 1982). The ozonation of
organic compounds in aqueous solutions generates lower molecular weight than the parent
compounds, and the decomposed organic compounds would assimilate faster into microbes
immobilized on the membrane. The result will increase the sensitivity of the biosensor.
Here, for higher sensitivity of the biosensor, ozone pretreatment was introduced in the
biosensor (Chee et al., 1999a; Chee et al., 2007).
3.2.2.1 Stopped-flow system with ozonolysis and response
The stopped-flow BOD sensor consists of an ozonizer (ON-12, Nippon ozone, Japan), an
oxygen probe (Able Co., Japan) with the biofilm, a digital meter (Model TR6840, TakedaRiken,
Japan) and an electronic recorder (Model EPR-200A, TOA Electronics, Japan) (Fig. 9).
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Fig. 9. Schematic diagram of the stopped-flow system of the BOD sensor using pretreatment
with ozone.

Fig. 10. The sensor responses before and after ozonation in the stopped-flow system under
the optimal conditions. □: before ozonation, ○: after ozonation.
An ozonizer was installed to pretreat environmental samples. The biosensor responses
before and after ozonation on AWW solutions were investigated in the range of 0 to 10
mg/L BOD (Fig. 10). At BOD of 1 mg/L, the biosensor responses obtained before and after
ozonation were 0.15 and 0.24 µA, respectively. As shown in the window in Figure 10, the
response before ozonation could be detected to 0.5 mg/L BOD, but the response had low
reproducibility. On the other hand, the response after ozonation was 2.7-fold higher than
that before; moreover, its reproducibility was increased. Up to 10 mg/L BOD, the slope of
the biosensor responses after ozonation was 1.56-fold that before ozonation. Relative
standard deviations with and without pretreatment at BOD of 2 mg/L were both 12.0%
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(n = 5). The response time of the sensor was generally varied depending on the
concentrations of BOD in the samples. In the range of the determined concentrations of
BOD, however, the response time did not exceed 5 min. This indicates that the organic
compounds in AWW solution degraded with ozone were easily assimilated by the
microorganism on the biofilm. When the samples were treated with ozone in a pretreatment
reactor, before pumping the samples into the flow cell with the biofilm, they were
vigorously stirred using a magnetic bar over 20 min to completely remove the excess ozone.
3.2.2.2 Effect of ozonation time
Figure 11 showed the changes of TOC removal rates and pH with ozonation time in the
range of 0 to 10 min in AWW solutions. The ozonation of AWW solutions was carried out by
25.9 g N-1 m-3 ozone at room temperature. TOC removal rates were defined as the ratio of
TOC values before and after ozonation. TOC removal rates per time unit showed a
maximum value at 3 min, and then slightly decreased. Results from Figure 11 indicate that
there is an optimal ozonation time to degrade the maximum amount of AWW solution.
Therefore, in subsequent experiments, ozonation times of the samples were adjusted to 3
min. During ozonation, a decrease in pH and a increase in variation followed by the steady
state was observed, indicating the formation of ionic substances. Decolorization of the pale
yellow AWW solution occurred after 3 minutes ozonation, and clear AWW solution was
obtained in 10 minutes.

Fig. 11. Effect of ozonation time on pH and TOC removal rates in AWW solutions. AWW:
16.485 mg/L, concentration of ozone in the feed gas: 25.9 g N-1 m-3, temperature: room
temperature, □: TOC, ○: pH. Error bars represent the standard deviation of 6 expreriments.
3.2.2.3 Effect of pH and ozone concentration
The effects of initial pH on the ozonation rate of AWW solutions were investigated ranging
5.0 to 9.0. Owing to the strong effect of hydroxide ions on self-decomposition of ozone
(Staehelin & Holgné, 1982), pH would be the most important parameter of ozonation
process. TOC removal rates increased while rising initial pH. TOC removal rates at initial
pH 7.0 were ca. 10 %, this value being twice that at pH 5.0. The ozonation rates are larger at
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higher pH values (Staehelin & Holgné, 1982), as predicted by the initial reaction of
ozonation (Weiss, 1935):
O3 + OH¯

------->

HO2•+ O2•¯

pH 7.0 was selected as working pH for further experiments. The reacting organic
compounds can have different reactivities at different pH values because of their
dissociation and electron activities. The reaction between ozone and organic compounds in
aqueous solutions is known to be dependent on the pH value of the solution (Nadezhdin,
1988; Staehelin & Holgné, 1982). Ozone decomposed relatively well in the high pH region,
where molecular ozone selectively reacts with unsaturated bonds in the molecule of organic
compounds to produce ketones, carboxylic acid, alcohols, etc. Various free radicals yield
from self-decomposition of ozone, like semiconductor photocatalysis, in aqueous solutions.
It is well known that free radicals are toxic to bacteria since they can change the morphology
of bacteria and damage most cellular components containing DNA, proteins, and lipids
(Bilinski, 1991; Brandi et al., 1989a). In this work, however, bacteria on the biofilm will not
be influenced by free radicals because only samples removed under controlled conditions of
the ozone were pumped into the flow cell with the biofilm. Even if free radicals were
residual in the samples pretreated with ozone, their functions immediately terminated due
to their extremely short lifetimes, e.g., 10-9 sec for half-life of hydroxyl radical (Pryor, 1986),
during the transfer of the samples from the pretreatment reactor to the flow cell with the
biofilm.
Figure 12 showed the effect of ozone concentration on TOC removal rates. The feed ozone
dose was investigated from 0 to 51.5 g N-1 m-3, and the AWW solutions were adjusted to pH
7.0. As shown in Figure 12, TOC removal rates rapidly increased until reaching a plateau for
42.4 g N-1 m-3 ozone. TOC removal rates to 42.4 and 51.5 g N-1 m-3 ozone had values of about
17% and 18%, respectively.

Fig. 12. Effect of ozone concentration on TOC removal in AWW solutions. Pretreatment
time: 3 min, pH: 7.0, temperature: room temperature.
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3.2.3 Application
The photocatalytic biosensor and stopped-flow system were used to evaluate BOD in
environmental samples from various rivers before and after pretreatment. Environmental
samples for the test were collected from 21 various rivers that were drinking water sources.
The BOD levels obtained before and after pretreatment were compared with the
conventional BOD5 method. The BOD values evaluated without pretreatment showed lower
than those obtained by the BOD5, while the BOD values estimated with photocatalysis or
ozonalysis were either a little low or the same to the BOD5. The slope and correlation (r)
between the photocatalytic biosensor and the conventional method were 0.908 and 0.983,
respectively. The BOD levels obtained before and after ozonation were also compared with
the BOD5 method (Fig. 13). The slopes of the biosensor were 0.849 before ozonation and
0.933 after ozonation, respectively. The slope with pretreatment increased to approximately
17% in comparison with that without pretreatment. The correlation factor (r) between the
stopped-flow system and the BOD5 method was 0.989. The results indicate that the
biosensors using pretreatments improved the estimation of BOD in environmental samples.

Fig. 13. Comparison of BOD values in river waters by with and without ozonation in the
stopped-flow system. : without ozonation, : with ozonation.

4. Conclusions
The BOD sensor using Trichosporon cutaneum can be used in industrial wastewater, but not
for river waters and secondary effluents due to no growth of T. cutaneum in AWW culture.
The BOD sensor using P. putida SG10 was described to be suitable for determining low BOD
values in river waters. BOD measurements could be determined at pH 7.0, and 30°C. The
biosensor responses were observed a linear relationship in the range of 0.5 to 10 mg/L BOD.
The detection limit and time were 0.5 mg/L BOD and less than 15 min, respectively,
compared with the BOD5 test method. Especially, the response time by ozonalysis was only
5 min. The biosensor system showed negligible response to chloride and heavy metal ions,
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and had good sensitivity, stability and reproducibility. Pretreatment by photocatalysis or
ozonalysis was introduced to increase the sensitibity of the biosensor. When determining
environmental samples by pretrements, the biosensor responses showed the increased levels,
and the systems must be the advanced method for the evaluation of low BOD in rivers.
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1. Introduction
Improvement of life quality is one of the most important objectives of the global research
efforts. Naturally, the quality of life is closely related to a better control of diseases, drug and
food quality and safety, and last but not least, of the quality of our environment. In all these
fields, a continuous, sensitive, fast and reliable monitoring is required to control key
parameters (Castillo et al., 2004). In this context, the use of sensors and biosensors represent
very promising tools. The interest in their application in the biomedical, pharmaceutical and
environmental field increased lately as a result of their sensitivity, specificity and simple
use, providing fast, cost-effective and repetitive measurements with miniaturized and
portable devices.

2. How to construct and optimize an enzyme electrochemical biosensor?
A biosensor, according to the IUPAC definition, is a self-contained integrated device, which
is capable of providing specific quantitative or semi-quantitative analytical information
using a biological recognition element (biochemical receptor) which is retained in spatial
contact with a physical transduction element (Thevenot et al., 2001). Actually they transform
the reaction between the analyte and the biological component into a signal detected and
monitored by the transducer that reflects the concentration of the analyte. Biosensors may be
classified according to the bioactive component or the recognition event, the mode of signal
transduction or according to the immobilization technique.
In the construction of the biosensors the biocomponent is selected depending on the
application and the performance criteria requested. The most commonly applied bioactive
components are the enzymes. They rapidly and cleanly form selective bonds with the
substrates and convert them into products. One of the major issues when working with
enzymes is their stability. Enzymes are very sensitive to their environment. Deactivation,
inhibition or unfolding upon adsorption and chemical or thermal inactivation are common
(Grieshaber et al. 2008). There are several advantages of the enzyme biosensors. These
include their availability and the ability to modify the catalytic properties or substrate
specificity by means of genetic engineering and catalytic amplification of the biosensor
response by modulation of the enzyme activity with respect to the target analyte (Rogers,
2006). Among the enzymes commercially available, the oxidases: the glucose oxidase (GOD)
and horseradish peroxidase (HRP) are the most often used. This type of enzyme offers the
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advantages of being stable and in some situations does not require coenzymes or cofactors.
Other, less commonly used enzymes comprise beta-lactamase, urease, tyrosinase and
acetylcholinesterase or choline oxidase.
Among different transducers employed in biosensors construction, the electrochemical
transducers are the most frequently used. They occupy the first position as far as the
disponibility on the market and they have already demonstrated their practical utility.
The most well known enzyme electrochemical biosensors reported in the literature are the
biosensors with glucose oxidase for the detection of glucose (Ammam et al., 2010), the
biosensors with HRP for the detection of compounds which can be peroxidate like
clozapine, (Yu et al., 2006a), acetaminophen, (Sima et al., 2008) and of the thiolic products
(gluthation, N-acetilcysteine) (Yu et al., 2006b) and the biosensors with acetylcholine and
choline oxidase for detection of drugs used in Alzheimer treatment (Lenigk et al., 2000) and
the organophosphorus pesticides (Andreescu & Marty, 2006).
The most important step in building a biosensor is the immobilization of the biomolecules.
As a matter of fact the immobilization technique determines the biosensor performances.
The selection of an appropriate immobilization method depends on the nature of the
biological element, type of the transducer used, physicochemical properties of the analyte
and operating conditions for the biosensor.
The purpose of any immobilization method is to get high stability and efficiency from the
biosensor. The biocomponent should be stably immobilized in a physical environment close
to the natural enzyme’s environment in order to retain maximum functionality of its
biological activity on the surface of the transducer. The immobilization might involve a
number of disadvantages such as: worsening the performance of enzymatic system,
lowering and even lost of activity, increase of Michaelis constant, modification of the
optimal working temperature and pH of the enzyme in comparison with the free form. All
these, however, may be reduced by applying an appropriate design.
The system should assure also good diffusion properties for substrates and should establish
satisfactory electrical communication between the active component and the electrode
surface (Xu et al., 2006) in order to give the electrochemical output signal required.
When the design of a biosensor is built, all the characteristics of an ideal analytical system:
selectivity, limit of detection and limit of quantification, sensitivity, reliability, repetitively,
robustness, throughput, reagentless, simplicity, costs, miniaturization and portability have
to be taken into account and also the performances and the drawbacks of the systems
already reported in the literature for the analyte of interest have to be deeply studied.
Enzyme biosensors can be categorized into those that monitor the catalytic transformation of
a target analyte by a specific enzyme or the enzyme biological activity by measuring the
producing or consumption of a given analyte and those that monitor the inhibition of a
biochemical reaction due to the presence of target analyte. The inhibition-based biosensors
can be designed in two different ways: the inhibitor interacts directly with the enzyme,
blocking its activity, or the inhibitor interacts with a product of the enzymatic reaction. Only
specific enzyme inhibitors should be regarded as “true inhibitors”, which bind to the
enzyme and inhibit its activity. However, the definition of “enzyme inhibitors” is sometimes
misleading, for example in the case of tyrosinase based biosensors, the terminology being
also used to refer to melanogenesis process inhibitors, whose action mainly reside in some
interference in melanin formation, regardless of any direct inhibitor-enzyme interaction
(Chang et al., 2009). “True tyrosinase inhibitors” can be considered kojic acid that links to
the active site of tyrosinase like a copper chelator (Briganti et al., 1990), benzoic acid that
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functions as a monophenol analog, binding to one copper ion of the binuclear site via its
carboxylate group (Menon et al., 1990) and azelaic acid that blocks the access of the substrate
to the enzyme active center (Briganti et al.,1990) but not ascorbic acid that interrupts
melanin synthesis process by reducing the enzymatically generated dopaquinone
intermediate back to L-dopa.
When a biosensor applied to pharmaceutical or biomedical analysis is described the
biological processes have to be studied in detail, taking in consideration their complexity, in
order to clearly outline the field of application and the limitations of the device. For example
the biosensor described by Sima et al. (2011) allowed the quantification and the
characterization of inhibitors from the point of view of their interaction with tyrosinase and
the enzymatic reaction in the presence of the natural substrate L-tyrosine. In the skin
pigmentation process these compounds may interfere also in other biochemical steps having
as final result a decrease in melanin formation. For example, azelaic acid inhibits melanin
formation through other mechanism besides its interaction with the tyrosinase active site. It
may also interfere with DNA synthesis and mitochondria activity in hyperactive and
abnormal melanocytes (Briganti et al., 1990).
Once the biocomponent, the transducer and the immobilization technique are chosen the
operation mode of the device should be established. For example in the article published by
Sima et al., (2011), the obtained configuration was used to monitor the reduction current of
the enzymatically generated oxidized species of L-tyrosine, i.e. the dopaquinone, in the
presence of molecular oxygen (Fig. 1).

Fig. 1. Biosensor’s mechanism of action (Sima et al., 2011)
The inhibition-based biosensors are preferred, if possible, in order to assure a good
reproducibility of the results because in this case, when the analytes are evaluated, the
biosensor inhibition signal is normalized to the initial signal of the substrate for each curve.
Thus, the final results are not influenced by the variations of substrate’s signal which can
occur due to the loss of the enzyme activity or due to random errors that can appear during
biosensor’s preparation.
Also blank experiments have to be performed in order to check if “the biosensor” without
enzyme or the inhibition based biosensor operating without addition of the enzymatic
substrate does not give any response under the selected experimental conditions and in the
presence of the studied compounds.
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If the developed device is a novel analytical tool, in order to test its efficiency, it should be
applied to the study of compounds that have already demonstrated their activity in clinical
practice or by using other analytical methods, as it was the case in the article published by
Sima et al. (2011).
When testing different compounds, because there are many factors which contribute to the
final results (type of enzyme, quantity of immobilized enzyme, immobilization method,
type of substrate, substrate concentration, time of contact between the enzyme, substrate
and inhibitor, pH, temperature, applied potential, rate of solution stirring), in order to
obtain a correct comparison of the studied compounds, the experiments have to be
performed under the same experimental conditions (Sima et al., 2011).
First the working conditions for an optimal response to substrate of the enzyme based
biosensor have to be tested. If the biosensor is designed for testing biologically active
compounds it has to be taken into account that the device should operate as close as possible
to the natural enzyme’s environment.
The working applied potential, the type of enzyme substrate, the buffer pH, the quantity of
immobilized enzyme, the substrate concentration in case of the inhibition studies, the
presence of cofactors if necessary; all these have to be considered.
In order to select the applied potential for the amperometric testing, first of all, the biological
process that produces electroactive compounds has to be demonstrated under the
experimental conditions, even though it is well know in its natural environment. Normally
cyclic voltammetric experiments are performed for detecting the electrochemical reduction
or oxidation potential of the enzymatically generated electroactive species (Yu et al., 2006). It
may be sometimes the case that if low reduction or oxidation currents are generated they
might not be detected in cyclic voltammetric experiments, so amperometry is
recommended, thanks to its low background currents (Shan et al., 2008). The applied
potential has to be considered taking into account the magnitude of the electrochemical
signals, the ratio between signal and background current, the steady-state of the response
plateau, the possible interfering species at that applied potential and also, the working
potential of other similar biosensors described in the literature.
When selecting the enzymatic substrate in case of inhibition based biosensors, this has to be
the same as in the biological process, if possible, because it has been demonstrated that the
potency of inhibitors varies considerably depending on the characteristics of the substrate
(Shan et al., 2008). The sensitivity of the response has to be high enough and the steady-state
of the response plateau has to be stable for assuring reliable results and the lag period of the
enzymatic step sufficiently short for further readily implementation of the testing
conditions.
It is well known that enzyme activity is highly pH dependent and that the optimum pH for
an enzymatic assay must be determined empirically (Amine et al., 2006). The buffer pH
considered optimal has to be chosen taking in consideration the magnitude of the
amperometric signal, the steady-state of the response, the enzyme stability pH, the normal
biological pH of the process and other similar biosensors reported in the literature.
The amount of enzyme immobilized at the electrode surface has to offer a good sensitivity
and repeatability of the biosensor response taking in consideration also the costs of the
assay, since some enzymes can be quite expensive.
The opinions about the substrate concentration to be considered in inhibition assays are
quite contradictory. Kok et al. (2002), concluded, when measuring the inhibition potency of
a competitive inhibitor with an acetylcholinesterase and a choline oxidase biosensor, that the
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inhibition percentage increased by raising the substrate concentration. Therefore they
worked in enzyme saturated substrate conditions. Shan et al. (2008) demonstrated that for a
tyrosinase biosensor for the determination of benzoic acid, the concentration of the catechol
substrate did not affect the maximum inhibition percentage but it affected the sensitivity of
the method. It must be noted, however, that the use of a high substrate concentration would
not yield sensitive inhibition responses when the quantification of a competitive inhibitor is
performed by simultaneous addition of the inhibitor and the substrate. Because in
competitive inhibition the substrate competes with the inhibitor for the enzyme active site,
and the inhibition, especially at low inhibitor concentrations, would likely not be detected
(Kok et al., 2002). In the case of the biosensor made by Sima et al. (2011) as it was not
designed for the quantification of inhibitors but for the screening and quantification of their
inhibitory potency, it was considered that all the immobilized enzyme molecules must take
part in the reaction and this could only be possible in substrate concentration corresponding
to the saturation portion of the activity versus substrate curve. When the concentration of
substrate is quite high, it has to be established if the concentration of other cofactors
participating in the reaction is not a limiting factor and that the enzymatic process is
saturated by the substrate.
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Fig. 2. Tyrosinase based biosensor amperometric response. L-tyrosine 3.33·10-4M, Kojic acid
inhibitor between 2.50·10-6 and 1.24·10-5M, 0.1M phosphate buffer pH 6.5, Eapp -100mV,
10µL of a 1.25mg/mL tyrosinase-NMPS suspension spiked onto the mCPE. Insert: inhibition
calibration curve (Sima et al., 2011)
In case of electrochemical biosensors parameters like apparent Michaelis-Menten constant
(Kmapp), maximum current intensity, limit of detection and linear range for the analyte of
interest have to be determined.
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In case of electrochemical inhibition based biosensors parameters like IC50, Kiapp (inhibition
constant) and mechanism of inhibition of the studied compounds have to be determined.
In order to determine IC50, the concentration of inhibitor which inhibits 50% of the substrate
signal, the concentration of inhibitors can be correlated with the percentage of inhibition (In
%) which can be calculated using the relationship: In(%)=[(I0 - I1)/ I0]x100; with I0 and I1
being the biosensor current signals before and after the addition of the inhibitor,
respectively (Fig. 2).
The mechanism of inhibition can be established from the relationship between the biosensor
response to substrate, Kmapp and Imax, in the absence and in the presence of different
concentrations of inhibitor added in the initial testing solution (Fig. 3).
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Fig. 3. Tyrosinase based biosensor amperometric data: 1/Signal vs 1/[L-tyrosine]. L-tyrosine
between 2.48·10-6 - 4.39·10-4M a. without Kojic acid, b. in the presence of 2.09·10-6M Kojic acid,
c. in the presence of 4.18·10-6M Kojic acid, 0.1M phosphate buffer pH 6.5, Eapp - 100mV, 10µL
of a 1.25mg/mL tyrosinase-NMPS suspension deposited onto the mCPE (Sima et al., 2011)
From the primary plot of 1/I(A-1) versus 1/substrate concentration (M-1) (Lineweaver-Burk),
secondary plots can be generated, by plotting the slopes from the primary plots versus
inhibitor concentration in order to determine the apparent inhibition constant, Kiapp (Fig. 4).
Finally the long-term stability of the immobilized enzyme has to be evaluated by measuring
the biosensor response to substrate. Normally when not in use, the enzyme has to be
maintained in hydrated conditions at around 4ºC. In case of inhibition based biosensors IC50
of the tested inhibitors has to be determined at different time periods following enzyme
immobilization to see if the obtained results are not affected by the loss of enzyme activity.
Biosensors have some major advantages over traditional analytical methods, which will
certainly lead to their even more pronounced use in the pharmaceutical and biomedical field
in the near future: they are prone to miniaturization which is of great importance because
biological samples are available in small amounts and tissue damage must be minimized in
case of in-vivo monitoring, the detection of the key substrate is very often made without
prior separation, their sensitivity is usually in the order of ng/ml, they have a high
selectivity, sometimes even specificity, they are characterized by short response times and
quickness of data collection, they are easy to use (Castillo et al, 2004) and they have a high
benefit/cost ratio.
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Fig. 4. Tyrosinase based biosensor data: slope of Fig. 3 data vs [In]. a. Kojic acid, b. Benzoic
acid, c. Azelaic acid, 0.1M phosphate buffer pH 6.5, Eapp -100mV, 10µL of a 1.25mg/mL
tyrosinase-NMPS suspension deposited onto the mCPE (Sima et al., 2011)
However, many enzyme-based amperometric biosensors described in the recent literature
still display a few drawbacks when compared to other analytical methods. The most
difficult problems to overcome for biosensors are: the low reproducibility of the response
and the reduced stability due to the fact that the enzymes, removed from their natural
environment, tend to rapidly loose their activity and thus limit the lifetime of the sensor, the
electrochemical interferences in complex sample matrices and the biocompatibility and
biofouling in case of in-vivo measurements (Castillo et al, 2004). Even if they do present
some drawbacks these devices can be very efficacious used for adequate analysis. Moreover
these disadvantages can be limited and the performances can be optimized by an adequate
immobilization method of the biocomponent at the transducer surface.
While the concept of biosensors is simple, their commercialization is far from being simple.
A lot of such devices are at scientific stage and only a few of the innovative ideas described
in the scientific literature have reached the marketplace and they are only limited applied in
clinical practice, as for example the well known glucose portable analyzer for home
diagnostic (Wang, 1999); so still more efforts need to be undertaken.

3. Electrochemical sensors for health applications
3.1 Pharmaceutical analysis
The need for new sensitive devices allowing the simultaneous detection of several drugs
showed a steadily increasing trend in the pharmaceutical research. Some examples of
electroanalytical methods applied to ascorbic acid (Săndulescu et al, 2000; Marian et al.,
2000), phenotiazines (Săndulescu et al, 2000; Blankert et al., 2005), vitamine B1 (Marian et al.,
2001; Bonciocat et al., 2003), effervescent solid dosage forms (Săndulescu et al, 2000),
benzodiazepines (Bănică et al., 2007), colchicine (Bodoki et al., 2007; Bodoki et al., 2007) and
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paracetamol (Yu et al., 2006; Sima et al., 2008; Sima et al., 2010) were published in the last
decade.
The electrochemical behaviour of some pharmaceuticals (caffeine, aminophylline,
teophylline, Fig. 5) was investigated by cyclic voltammetry (CV), square-wave voltammetry
(SWV) and differential pulse voltammetry (DPV), on different electrode materials: glassy
carbon in native and electrochemically activated form, bare or 1,4-benzoquinone modified
carbon paste. (Câmpean et al., 2011)

(A)

(B)

(C)

Fig. 5. Cyclic voltammograms of 10-3 M aminophylline (red line), caffeine (green line) and
theophylline (blue line) solutions in Britton-Robinson buffer at pH 4 (black line), on:
(A) glassy carbon electrode; (B) carbon paste electrode and (C) 1,4-benzoquinine modified
carbon paste electrode (Reference electrode Ag/AgCl,(3 M KCl); auxilliary electrode Pt wire;
scan rate 0.1 V s-1; 20 °C)
The preliminary studies performed on traditional electrodes were extended on carbon based
screen-printed electrodes (Fig. 6), simple and modified with multi-wall carbon nanotubes or
cobalt-phtalocyanine. (Câmpean et al., 2011)
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(A)

(B)

(C)

Fig. 6. Cyclic voltammograms obtained on screen-printed electrodes type: DS 110 with
graphite (black line); DS 410 with graphite and cobalt phthalocyanine (red line); DS 110
with graphite modified with multiwall carbon nanotubes (green line); compared with the
voltammograms obtained on glassy carbon electrode (blue line); recorded for 10-3 M: (A)
aminophylline, (B) caffeine, (C) theophylline solutions in Britton-Robinson buffer at pH 4
(cyan line) (Reference electrode Ag; auxiliary electrode graphite; scan rate 0.1 V s-1; 20 °C)
A horseradish peroxidase (HRP) - Zirconium alcoxide porous gel film biosensor for
acetaminophen determination was obtained by enzyme immobilization on glassy carbon
and carbon based screen-printed electrodes and has been reported by V. Sima et al. (2008).
The investigated zirconium alkoxide porous gel film represents an interesting way for
biocomponent immobilization onto the glassy carbon electrode, conferring in the mean time
a hydrated environment for the enzyme.
Two different zirconium alcoxide gels have been prepared, starting from different amounts
of zirconium salt: 0.25 M and 0.4 M alcoholic solutions by refluxing for 2 hours at 90°C then
allowed to cool at room temperature. 6.5 μl porous Zr alcoxide gel were added to 5 mg
polyethyleneimine (PEI) in hydroalcoholic media. Equal amounts of the 0.03 and 0.06
mg/mL HRP enzyme solution and the above described alkoxide gel were mixed for 15
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minutes and 20 μl of the resulting mixture was deposited on the glassy electrode surface and
left over night at 4°C for drying. For another 24 hours it was left at 4°C in 5 ml phosphate
buffer for hydratation.
The enzymatically generated reactive oxidized species of acetaminophen were
electrochemically reduced and the amperometric signal was recorded. (Fig. 11)

Fig. 11. The mechanism of biocatalytic peroxidation of acetaminophen (ACAPH) into
N-acetylparabenzoquinonimine (NAPQI) by HRP immobilized at the surface of the electrode
The cyclic voltammetric assays showed that the zirconium alcoxide porous gel was a
biocompatible material, capable to preserve the enzyme’s bioactivity. The ZrO2-PEI thin film
exhibited good electrocatalytical and electroanalytical response towards acetaminophen and
H2O2. The decrease of the oxidation current until about 50% between the electrodes
modified with a film of PEI and a film containing Zr alcoxide shows the improved
conductive properties of the alcoxide film.
Electrochemical differences were observed also between a hydrated and a dry film. To
explain this behavior microscopic studies were conducted. Fig. 12 shows surface topography
images of dry (a) and hydrated ZrO2-PEI thin films (b), respectively. As shown in Fig. 12,
particle size was in the ranges of micrometers. The surface topography changes considerably
in the case of hydrated ZrO2-PEI thin film (Fig. 12b). The dry film presented cracks and
pores, whereas the hydrated film had a more homogenous structure.

a)

b)

Fig. 12. Electron microscopy images of the dry (a) and hydrated film (b)
The biosensor was applied to the acetaminophen assay in drug formulation, Perdolan® and
a generic solid dosage form made in our department. The standard addition method was
used. A linear trend of current versus acetaminophen concentration was found for
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concentrations between 2.0·10-5 M and 1.6·10-4 M (R2 = 0.9996, RSD of slope = 20%, n = 5)
with a LOQ of 1.17·10-7 M.
Another biosensor configuration based on the immobilization of horseradish peroxidase
(HRP) within a zirconium alcoxide film on screen-printed electrodes (SPE) for the analysis
of acetaminophen from Perdolan® tablets was also developed (Sima et al., 2010). The
biosensor’s operation mode was also based on monitoring the amperometric signal
produced by the electrochemical reduction of the enzymatically generated electroactive
oxidized species of acetaminophen in the presence of hydrogen peroxide.
In the case of SPEs modified with 10 μL film without HRP (5 mg PEI, 125 μL ethanol and 120
μL distilled water), in a control solution (phosphate buffer 0.1 M pH=7.4) at 0.57 V vs. Ag
pseudoreference, an irreversible oxidation peak which becomes much smaller at the second
cycle was observed. The compound formed during the first cycle was not further reduced,
thus the oxidation current at the second cycle was much smaller. It is not clear which
compound was oxidized, or whether this compound was part of the film, or an impurity in
the film. The second cycle, which was stable for multiple scans, was taken to be the
background level.
A higher background current in the control solution was observed in the case of film
modified SPEs, probably due to specific interactions between the zirconium and the
electroconductive graphite-based ink used to print the SPE working electrode.
After the deposition of the zirconium alcoxide-PEI film onto the glassy carbon working
electrode, the electrochemical signal of paracetamol decreases, as a consequence of
electroactive surface blockage of the of the working electrode by the PEI (Fig. 13).
SPE versus classic cell (GCE)
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Fig. 13. Cyclic voltammograms for unmodified and 20 μL non enzymatic film (zirconium
alcoxide-PEI gel) modified GC and SPE working electrodes in paracetamol 6.25·10-4 M, 0.1
M phosphate buffer pH=7.4 – cyclic voltammetry, applied potential between -0.8 V and 1.0
V, scan rate 100 mV s-1
After the deposition of the zirconium alcoxide-PEI film onto the surface of the SPE working
electrode, the electrochemical signal of paracetamol increased, probably due to the catalytic
activity of the zirconium alcoxide. Another difference between the unmodified and the film-
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modified SPE was the peak separation voltage (ΔEp): in the case of the unmodified SPE,
ΔEp was 0.5 V, and in the case of the modified SPE, ΔEp was 0.29 V (Fig. 13). The smaller
difference between the oxidation and reduction potential in the case of the film-modified
SPE demonstrates that the zirconium alcoxide facilitated electron transfer between the
analyte and the working electrode.
The sensitivity obtained with the SPE was significantly higher than the one obtained with
glassy carbon electrode (GCE). The two experiments were carried out using the same
fabrication technique for the entire biosensor (same composition of the enzymatic film) and
using the same electrochemical parameters. Even if the electrochemical active surface area of
the SPE was larger than that of the GCE, the difference of sensitivity between the two
electrodes was much larger than what this difference can account for. This leaded us to
believe that the improved sensitivity was due to factors other than the larger active area.
3.2 Biomedical analysis
The detection of a large spectrum of biological analytes has been performed during the last
decades using inexpensive and sensitive electrochemical methods. The most commonly
used electrodes were the carbon based electrodes because of their low cost, good electron
transfer kinetics and biocompatibility. Recently, carbon nanotubes (CNTs) have also been
incorporated into electrochemical sensors. The CNTs offer unique advantages including
enhanced electronic properties, a large edge plane/basal plane ratio, and rapid electrode
kinetics. Therefore, CNT-based sensors generally have higher sensitivities, lower limits of
detection, and faster electron transfer kinetics than traditional carbon electrodes. To
optimize a CNT sensor many variables need to be tested. Electrode performance depends on
the synthesis method of the nanotube, CNT surface modification, the attachment method
onto the electrode, and the addition of electron mediators. The physical and catalytic
properties make CNTs ideal for use in sensors and biosensors. It is known that CNTs
display high electrical conductivity, chemical stability, and mechanical strength. There are
two main types of CNTs: single-walled CNTs (SWCNTs) and multi-walled carbon
nanotubes (MWCNTs). SWCNTs are sp2 hybridized carbon in a hexagonal honeycomb
structure that is rolled into hollow tube morphology (Jacobs et al., 2010). MWCNTs are
multiple concentric tubes encircling one another. A SWNT consists of a single graphite sheet
rolled seamlessly, defining a cylinder of 1–2 nm diameter. Carbon nanotubes can behave as
metals or semiconductors depending on the structure, mainly on the diameter and helicity.
Besides the incorporation of protein and antibodies which allowed their direct detection, the
incorporation of enzymes onto the surface of the electrode is considered attractive for the
direct detection of other non-electroactive biomolecules. The major properties of the
enzymes are the specificity and high affinity for the target substrate. The CNTs were added
to the enzyme biosensors for their electrocatalytic effect for the glucose or hydrogen
peroxide.
In the development of the oxidase-based amperometric biosensors the glucose oxidase plays
an important role. The glucose oxidase (GOx) is widely employed in most of the glucose
biosensors due to its stability and high selectivity to glucose. The property of GOx with
negative charge in neutral pH solutions also makes it feasible to immobilize GOx onto
materials with positive charge by physical adsorption. It is formed by two flavine adenine
dinucleotide (FAD) cofactors and catalyzes the oxidation of glucose according to the
following reaction (Jacobs et al., 2010):
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Glucose + O2 → Gluconolactone + H2O2
The amount of glucose is proportional to that of the produced H2O2, by consequence the
glucose concentration can be directly determined through measuring the current derived
from the electrochemical reaction of H2O2 (Kong et al., 1009).
The ability of carbon nanotubes (CNT) to promote the electron-transfer reaction of hydrogen
peroxide suggests interesting applications of the CNTs for oxidase-based amperometric
biosensors (Laschi et al. 2008).
Amperometric biosensors, which combine the bioselectivity of redox enzymes with the
inherent sensitivity of amperometric transductions, have proven to be very useful for the
detection of glucose.
The glucose biosensor is one of the most studied devices and is widely used as a clinical
indicator of diabetes and in the food industry for quality control (Bakker, 2004; Prodromidis
& Karayannis, 2002; Yang et al., 2004; Kong, et al., 2009; Liu et al., 2008). The glucose
biosensors represent about 85% of the entire biosensor market. The considerable research
and innovative detection strategies associated with glucose biosensors are justified by the
interesting economic prospects. Amperometric glucose oxidase electrodes have played a
leading role in the simple one-step blood sugar testing and continuous real time glucose
monitoring. (Nenkova et al., 2010).
In the construction of an amperometric biosensor finding an appropriate matrix to
immobilize the enzyme and to keep its activity for long-term application is another key
issue. Many methods such as covalent binding (X.F. Yang et al., 2006) and cross-linking
method have been used to immobilize the GOx onto different supporting materials. Silica
gel (Jiang et al., 2006), polymers (Cosnier & Popescu, 1996), biomaterials (Wu et al., 2004)
and their composites have been extensively explored to encapsulate enzymes and
microorganism. Even that considerable progress has been made, some challenges still has to
be overcome, such as leakage of enzyme from the matrix, long and complicated procedures
for matrix preparation and short life time (Chang et al., 2010). Other examples of enzyme
immobilization is represented by their inclusion in gels, cross-linked polymers, conductive
salts or simply mixing them into carbon paste or carbon-organic polymer hosts. In general,
the main requirement of support materials for enzyme immobilization is their adsorption
ability and the preservation of the enzyme’s catalytic properties during and after the
immobilization process. Different polymeric materials have found wide application as
enzyme immobilization matrices. In the literature are reported glucose biosensors
developed by in situ electropolymerization of different monomers in the presence of glucose
oxidase (Cosnier et al., 1999; Cosnier, 1999; Olea et al., 2008; Rubio Retama et al., 2004; Pan et
al.; Ramanavicius et al., 2005).
The capture of CNTs in polymeric chains has been found useful for improving their
solubility without impairing their physical properties. This strategy, based on wrapping
water-soluble linear polymers around the tubes is robust and simple. Another advantage of
this noncovalent attachment is that the structure of the nanotube is not altered, thus its
mechanical properties remains unaltered. The advantages of dispersing multiwall carbon
nanotubes in polyethylenimine for the development of electrochemical sensors for the
detection of hydrogen peroxide, using screen-printed graphite-based electrodes as
transducers and glucoseoxidase as bioreceptor has been reported (Rubianes & Rivas, 2007;
Laschi et al., 2008).
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An interesting approach was used for the elaboration of a new disposable electrochemical
sensor for the detection of hydrogen peroxide, using screen-printed carbon-based electrodes
(SPCEs) modified with multi-walled carbon nanotubes (MWCNs) dispersed in a
polyethylenimine (PEI) mixture. The modified sensors showed an excellent electrocatalytic
activity towards the analyte, with respect to the high overvoltage characterizing unmodified
screen-printed sensors. The composition of the PEI/MWCNT dispersion was optimized in
order to improve the sensitivity and reproducibility.
Different compositions of PEI/MWCNT suspension were tested. The sensitivity of the
sensor (estimated on the basis of the slope of the calibration curve obtained for hydrogen
peroxide) was used as a parameter to compare the performance of sensors obtained with
different coatings. Each composition was analyzed in triplicate with the same sensor and the
average sensitivity values lay in the range of 3.33 - 101.23 μAmM−1. Not only the amounts
of PEI and MWCNT were varied, but also the volume of the dispersion deposited onto the
working electrode. The linear trend was always maintained, but an increase in sensitivity
from 3.33 to 30.32 μAmM−1 was achieved by doubling the deposited volume from 5 to 10 μl.
The optimized sensor showed good reproducibility (10% RSD calculated on three
experiments repeated on the same electrode), whereas a reproducibility of 15% as RSD was
calculated on electrodes from different preparations.
The amperometric response of a PEI/MWCNT/GOD modified screen-printed electrode was
studied at +700mV in 0.05M phosphate buffer solution with pH 7.4. During successive
additions of 0.5 mM glucose, a well-defined current response was observed. For each
addition of glucose, a sharp rise in the current was observed, while no response was
recorded in analogous measurements at the bare PEI/MWCNT electrode. The calibration
plot was linear over a wide concentration range, 0.5–3.0 mM. The data interpolation in this
concentration range had a slope of 22.18 μAmM−1, with a correlation coefficient of 0.998.
Preliminary experiments carried out using glucose oxidase (GOD) as biorecognition element
gave rise to promising results indicating that these new devices may represent interesting
components for biosensor construction (Laschi et al., 2008).
3.3 Biorecognition and drug – receptor interaction studies
Molecular recognition or biorecognition is the essence of all biological interactions. These
interactions generally involve noncovalent bonding (i.e. ionic, hydrogen bonding,
hydrophobic interactions), where additionally shape complementarity plays an important
role. During the last few years screen printed electrodes proved to be valuable tools in the
study and development of new bioselectors. Their great versatility lies in the wide range of
ways in which the electrodes may be modified, either by altering the composition of the
printing inks or by depositing thin films of purposely designed supramolecular structures
on the manufactured electrodes (Dominguez Renedo et al., 2007). Films of biomolecules
have been used to tailor the properties of interfaces, providing solid surfaces to catalyze
enzyme reactions, enabling fundamental biochemical and biophysical studies and
nonetheless, serve in biosensors as biorecognition and biomimetic elements (Rusling, 2010).
The application field of such sensors is overwhelmingly broad, but the ones concerning
clinical chemistry and analysis, drug and genetic testing stand out in particular.
Electrochemical biosensors for the study of DNA interaction, hybridization and damage has
become one of the most vibrant and dynamic areas of physical sciences and sensor
engineering (Paleček et al., 1998; Teles & Fonseca, 2008). The molecule of DNA as carrier of
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genetic information is a major target for drug interaction. This phenomenon may interfere
with transcription (gene expression and protein synthesis) and DNA replication,
representing a fundamental issue in medical science. The evaluation of any interaction with
DNA using biosensors helps to predict unwanted toxic side-effects and prevent DNA
damage caused by therapeutic drugs.
Colchicine is a protoalkaloid, used as a specific antiinflammatory agent in acute attacks of
gout by inhibiting the migration of leucocytes to inflammatory areas, thus interrupting the
inflammatory response that sustains the acute attack. The drug also presents an antimitotic
action, arresting dividing cells in metaphase by preventing normal function of mitotic
spindle.
By studying colchicine’s electrochemical signal obtained on graphite based screen printed
electrode the influence of several bioselectors (calf thymus DNA, β-tubulin and bovine
serum albumine) was investigated.
A disposable biosensor based on the immobilization of double – stranded calf thymus DNA
(type XV, Sigma, Milan, Italy) was used to assess its possible interaction with colchicine.
The detailed protocol of production and use of the DNA biosensor was described earlier
(Bagni et al., 2006), where the oxidation peak of guanine is used as the transduction signal to
recognize DNA interacting agents. As the result of a specific or non-specific interaction
(covalent binding, electrostatic interaction with the negatively charged nucleic acid sugar
phosphate, hydrogen and/or van der Waals bonds) of the double stranded calf thymus
DNA with a genotoxic agent, a decrease of the guanine peak (measured by square-wave
voltammetry - SWV) is detected. Measurement of the target analyte with the DNA modified
screen-printed electrode includes four main steps: (i) electrochemical conditioning of the
electrode surface in order to oxidize the graphite impurities and to obtain a more
hydrophilic surface to favor DNA immobilization, (ii) calf thymus ds-DNA immobilization,
(iii) interaction with the colchicine solution and (iiii) electrode surface interrogation. In
details, the experimental procedure was the following (Fig. 14) (Bodoki et al., 2009):
a. Electrode pre-treatment: applying potential of +1.6 V (vs. Ag-SPE pseudo-reference) for
120 s and +1.8 V (vs. Ag-SPE) for 60s; electrode in 5 mL of 0.25 M acetate buffer,
containing 10 mM KCl (pH=4.75), under stirred conditions;
b. DNA-immobilization: electrode dipped in a solution of 50 ppm calf thymus ds-DNA in
0.25 M acetate buffer containing 10 mM KCl, applying a potential of +0.5 V (vs. Ag-SPE)
for 5 minutes, under stirred conditions;
c. Blank or sample interaction: 10 uL of buffer or sample solution on the electrode’s
surface for 2 minutes;
d. Measurement: SWV scan in order to evaluate the oxidation of guanine residues on the
electrode surface. The height of the guanine peak (at +0.95 V vs. Ag-SPE) was measured
in 0.25 M acetate buffer, containing 10 mM KCl; SWV parameters: Ei +0.2V, Ef +1.45V,
υ = 200 Hz, Estep 15 mV, Eamplitude 40 mV.
Assessing the oxidation peak of guanine residues compared with the baseline, there is no
current decrease, nor any potential shift, after the exposure to colchicine of the DNA
biosensor, indicating an apparent lack of interaction.
However, at fairly higher concentrations of DNA (100 – 220 µg·L-1), based on the decrease of
colchicine’s peak current obtained on glassy carbon electrode by differential pulse
voltammetry, the formation of DNA-colchicine complex was demonstrated with a
combination ratio of 1:2 (Hui et al., 2011).
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Fig. 14. Square wave voltammograms using screen-printed DNA biosensor. (black) without
DNA immobilization, blank of colchicine (2.610-5 M); (red) with DNA immobilization, no
colchicine; (green) with DNA immobilization, with colchicine (2.610-5 M); (magenta) with
DNA immobilization, with higher concentration of colchicine (2.610-4 M).
Colchicine acts as an antimitotic agent by inhibiting microtubule polymerization by binding
with high affinity to tubulin, a negatively charged protein (~120 kDa), formed by two
globular polipeptidic subunits (α-tubulin and β-tubulin). Tubulin is one of the main
constituents of the microtubules of the division spindle. Inhibitors of tubulin polymerization
interacting at the colchicine binding site are potential anticancer agents, thus colchicinetubulin interaction was very extensively studied in the last twenty years.
It has been demonstrated that the binding to the tubulin dimmer (α- and β-subunits) is slow
and poorly reversible due to conformational changes in the protein’s structure, whereas
binding to β-tubulin monomers is reversible and 3-4 times faster (Banerjee et al., 1997).
Therefore, the screen-printed electrodes were modified applying 5 µL of 25 ng mL-1 βtubulin in 10 mM HEPES buffer on the electrode’s surface, followed by drying at room
temperature.
Due to the specific colchicine-β-tubulin interaction, an anodic shift of colchicine’s oxidation
peak can be observed (+1.06 V vs. Ag-SPE) accompanied by a decrease of the anodic current
(Fig. 15). This decrease is not due to the electrode surface blockage by the deposited protein,
since the same potential shift and current decrease is observed when β-tubulin is directly
added in the voltammetric cell.
The literature describes also the formation of colchicine - bovine serum albumin complex,
stabilized by van der Waals interactions and hydrogen bonds (Hu et al., 2005). Therefore,
this interaction’s influence on the electrochemical behavior of colchicine was also
investigated using bovine serum albumin (BSA) surface modified SPE’s.
A similar potential shift and anodic current decrease as in the case of β-tubulin was
observed when the surface of screen-printed electrode was modified applying 7 µL of
0.025% m/v BSA followed by drying at room temperature or when the albumin was added
to the bulk solution of the voltammetric cell. These data might be explained by the strong
interaction of colchicine with the BSA determining a less favorable conformation of the
colchicine molecule for the heterogeneous electron transfer.
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Fig. 15. Anodic differential pulse voltammograms using screen-printed electrodes modified
with β-tubulin. (green) unmodified screen-printed electrode, 853.98 ng/mL colchicine in
H3PO4/HClO4 0.01M; (black) β-tubulin modified screen-printed electrode, blank anodic
DPV run in H3PO4/HClO4 0.01M; (red) β-tubulin modified screen-printed electrode, 853.98
ng/mL colchicine in H3PO4/HClO4 0.01M.

4. Electrochemical sensors for environmental applications
4.1 Heavy metal detection and removal
The importance of sensor development for the detection of pollutants from environmental
samples lies in their large field of application. The detection and the removal of the heavy
metals show a great interest because they are very persistent in the environment, generally
without being decomposed by the bacteria, they are toxic even in traces and their
accumulation in the living cells can cause severe pathologies.
A flow electroanalytical system for trace analysis, using modified graphite felt as working
electrode was reported (Cristea et al., 2009). The graphite felt was chosen because of its
numerous advantages like great specific surface, lack of toxicity, possibility to be used in
flow systems, accessibility, low cost and ease of use (Cristea et al., 2005a; Cristea et al.,
2005b). The immobilization of 1,8 diamino 3,6 dioxaoctane as receptor has been studied in
order to increase the performances of the sensor in terms of selectivity (Geneste & Moinet,
2004; Geneste & Moinet, 2005; Nasraoui et al., 2009). The covalent attachment of the receptor
at the surface of the porous electrode has been made by anodic oxidation in a cross-flow cell.
The molecular structure of the receptor allows its attachment through either one or both
amino groups leading to the formation of a cycle.
The modification of the graphite felt electrode was made by using a ligand previously tested
in homogenous medium in reaction with some metallic ions (Loris et al., 1999). The
literature reports the stability constants of the complexes obtained with several metallic ions
(i.e. Pb(II), Cu(II), Ni(II), Cd(II), Zn(II), Hg(II)).
Graphite felt used as electrode in a flow cell was modified by anodic oxidation with 1,8diamino-3,6-dioxaoctane in phosphate buffer at pH 7,2. Electrochemical and other
experiments showed the double insertion of the compound by two amino groups giving a
macrocycle at the surface of the graphite. In order to control the efficiency and the mode of
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grafting, part of the modified graphite was treated with a specific reagent for amino groups
(4-O2NC6H4COCl) bearing an electroactive nitro group that can be electrochemically
detected after reaction. Grafting according reaction 4 was not detected; unfortunately,
grafting according 5 was not detected too. In this last case, a steric effect can be invoked due
to the surface of graphite fibber for explaining the non reactivity of the acyl chloride with
the secondary amino groups bonded on the graphite:

C

NH(CH2)2O(CH2)2O(CH2)2NH2
4

C

H2N(CH2)2O(CH2)2O(CH2)2NH2

and (or)

phosphate buffer pH = 7,2
E = 0,8 VSCE
NH O
C

5

NH O

Different techniques were developed during the study, which allowed the grafting of the
compound of interest in three distinct ways: predominantly as a cycle, predominantly as a
one-end-attached molecule and as a mixture of the first two.
A formation mechanism of the macrocycle between the 1,8-diamino-3,6-dioxaoctane and the
graphite felt was imagined. The proposed mechanism involves the two amino groups
susceptible to oxidation at the same potential. It is probably a simultaneous radical attack of
a double bond undergoing until the saturation of the surface sites. At this point, the
oxidation driving force will disappear because of the lack of the radical coupling with the
graphite and the oxidation of the two amino groups will become more difficult. It could be
assumed that the macrocycle will be formed with two vicinal atoms of carbon:
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The detection of the heavy metals (especially lead) has been performed in two steps: the
preconcentration by complexation of the analyte by percolating the sample solution through
the modified electrode and its analysis by linear sweep stripping voltammetry. By studying
the influence of different experimental parameters (receptor’s immobilization type, time of
percolation, etc.) the best electrochemical signal for lead was obtained when the receptor
was bonded to the surface of the electrode at only one end.
However, the electroanalytical verification of grafting according reaction 5 was obtained by
Pb(II) trapping by ultrasonication, from a solution of Pb(NO3)2 (5·10-2 M), with prior rinsing
with water:
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The cyclic voltammogram using an electrode of 1 cm diameter confirms the presence of
crypted Pb(II) which after the cathodic reduction shows a characteristic anodic peak
denoting the dissolution of lead (Fig. 16).
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Fig. 16. Cyclic voltamogram on a modified graphite felt porous electrode immersed for 20 h
5·10-2 M Pb(NO3)2; supporting electrolyte 0.1M LiClO4, scan rate 20mVs-1.
The reaction rate between the 1,8-diamino-3,6-dioxaoctane and the lead was also
investigated, which turns out to be strongly time dependent. It can be concluded that the
complexation reaction between the grafted ligand and the metal ion is relatively slow. The
results show that that the complete trapping of the metallic ion is done after 3 hours at a
flow rate of 0.6 mL/min of the metal ion solution. The signal decreases with the increase of
the flow rate to 1.2, 2.4 and 4.8 mL/min for a percolation time of 30 minutes.
The trapping of other five heavy metals ions were investigated using the grafted porous
graphite felt electrode. The obtained limits of detection expressed as concentration in
mol/cm3 of graphite felt are 1.6·10-7 (2.6·10-10) for Pb2+, 2·10-8 (3.3·10-11) for Ni2+, 1.2·10-8
(2·10-11) for Cd2+, 4.5·10-9 (7.4·10-12) for Zn2+ and 3.9·10-9 (6.4·10-12) for Cu2+.
Other ligands were studied in order to obtain new electrode materials for the removal of the
heavy metal ions from aqueous solutions. The covalent immobilization of cyclam on the
graphite felt was carried out via a previously attached amino acid linker and the resulting
sensor’s performance for heavy metals detection was studied. The cyclam-modified
electrode showed ability to detect Pb(II) ions without the interference of Cu(II) with a limit
of detection down to 5·10-8 mol L-1. Its behavior exhibits several differences compared with
the unmodified graphite felt: the influence of the flow rate on the complexation reaction and
an improved selectivity for Pb(II) over Zn(II) (Nasraoui et al., 2010).
Another modified graphite felt electrode was obtained by using the carbamoyl-armed
macrocycles which exhibit a good selectivity for Pb(II) ions. A flow-through electrochemical
sensor was prepared by covalent attachment of 1,4,8-tri(carbamoylmethyl) hydroiodide
(TETRAM) on a graphite felt electrode. This new sensor exhibits higher selectivity than the
cyclam-modified electrode for Pb(II) ions, and does not show interference from other
common metal ions. In the optimum analytical conditions a limit of detection of 2.5·10-8 mol
L-1 was assessed (Nasraoui et al., 2010).
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4.2 Polyphenols detection
The phenolic compounds are widely used chemicals turning into toxic pollutants upon their
release into the environment. Their environmental occurrence is a result of various
production processes of man-made materials such as plastics, dyes, pesticides, paper and
petrochemicals.
Phenols are easily absorbed through the skin and mucous membranes of animals and
humans, representing a serious environmental issue.
The determination of phenolic compounds is of great importance due to their toxicity and
persistency in the environment. Hence, the rapid determination of trace phenolic
compounds is of great importance for evaluating the total toxicity of environmental or
industrial samples.
One of the most effective and simplest ways to detect the phenolic compounds was by
means of amperometric biosensors based on polyphenol oxidase (PPO) (Shan et al., 2007).
Polyphenol oxydase (PPO), also called tyrosinase, is a metalloenzyme that contains a
binuclear copper active site and catalyses, in the presence of dioxygen, the hydroxylation of
monophenols to catechols (monooxygenase activity), which in turn are oxidized to orthoquinone (catecholase activity) (Duckworth & Coleman, 1970). The phenol biosensor
transduction is thus based on the amperometric detection of the enzymatically generated oquinone.
The literature reports several configurations of amperometic biosensors for the detection of
polyphenols in environmental and industrial samples. One of this was using for the first
time a polycrystalline BiOx films for the entrapment of biomolecules. This procedure
constituted an inexpensive, fast and easy method for the elaboration of enzyme electrodes,
by the simple mixing of the colloidal suspension of bismuth oxide with proteins, followed
by their deposition on the electrode surface (Shan et al., 2009).
Since PPO catalyses the formation of ortho-quinone and subsequent consumption of
dioxygen, the majority of the PPO-based biosensors involves an amperometric transduction
based on the quinone reduction. Actually the quinoid products inhibit PPO by undergoing
an irreversible binding and passivate the electrode surface via the formation of insulating
polymer films. Thus, the majority of the biosensor configurations were based on a mediated
reduction of orhto-quinone. Different approaches involve conducting organic salt, metal
microparticles and redox mediators immobilization together with the enzyme in a polymer
matrix (Cosnier et al., 2001).
Recently, organic phase enzyme electrodes (OPEEs) have attracted considerable interest for
their application in environmental and clinical monitoring (Cosnier & Innocent, 1993;
Cosnier & Popescu, 1996; Mousty et al., 2001).
Electropolymerisation of functionalized polymers is an electrochemical method for the
immobilization of biomolecules where the attachment of proteins is performed directly at
the polymer–solution interface by chemical grafting or affinity. In comparison to the
physical entrapment in polymer films, this approach preserves the catalytic activity and the
molecular recognition properties of the immobilized biomolecules.
Several configurations of OPEE are reported in literature being recently reviewed (Lopez et
al., 2006).
The use of organic solvents facilitates the detection of non-soluble or poorly water soluble
compounds, prevents microbial contamination and may circumvent side reactions leading
to enzyme deactivation or electrode fouling.
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The key component of biosensors is the enzyme that is responsible for the specific and
sensitive recognition of the analyte. The literature data show that the organic phase enzyme
electrodes have been prepared with some proteins that after immobilization preserve
functional activity. Some of such biosensors have been successfully applied for real samples
working in organic media. Besides tyrosinase other enzymes were also tested in
monoenzymatic or in bienzymatic systems. As working electrodes, graphite, glassy carbon,
and oxygen gaseous diffusion electrodes were generally used. As for the solvents,
acetonitrile, chloroform, dioxane and hexane have been tested (Reviejo et al., 1994). The
activity of enzymes in organic media is strongly dependent on their hydration layer, which
is essential for their conformational flexibility and for the sensor’s stability.
A novel organic phase enzyme electrode (OPEE) via polyphenol oxidase (PPO) entrapment
within a hydrophilic polypyrrole film electrogenerated from a new bispyrrolic derivative
containing a long hydrophilic spacer was obtained. The pyrrole derivative used in the
construction of the biosensor bears two pyrrole groups linked by water solubilizing ethoxy
chain:

Its electrochemical behavior was investigated by cyclic voltammetry at glassy carbon
electrode (GC) in aqueous solution containing 0.1M LiClO4 as supporting electrolyte.
During the oxidative potential scan up to 1.3V, the cyclic voltammogram of the monomer (5
mM) displays an irreversible anodic peak at 1.1V due to the oxidation of the pyrrole group
into radical cation form. The repetitive potential scanning of the electrode between 0 and
0.8V induces the appearance and the growth of a quasi-reversible peak system, located
around 0.4V. This evolution indicates the formation and growth of a polymer film on the
glassy carbon surface. The polymerization can also be carried out by controlled potential
electrolysis (Eapp = 0.8V versus Ag/AgCl). It proceeds via a radical cation coupling,
involving the release of two electrons and protons per pyrrole unit. Owing to the partly
lipophilic character of the long alkyl chain linking the two polymerizable pyrrole groups,
the monomer can be adsorbed onto the glassy carbon electrode prior its
electropolymerization. This original method, developed in Serge Cosnier’s laboratory
(Cosnier et al. 2006) for amphiphilic polypyrrole films, allows the control of the monomer
and enzyme amounts coated onto the electrode surface and, consequently, of the thickness
of the polymer film. The immobilization of PPO was performed by electropolymerization of
monomer /enzyme mixture deposited on the surface of glassy carbon electrode following
the “adsorption step procedure”. For this purpose, a controlled potential of 0.8 V versus
Ag/AgCl was applied at glassy carbon electrodes, modified by PPO-monomer coatings,
with different ratios of enzyme/monomer of PPO. Since the polymer films were formed
from an adsorbed layer, the enzyme loss during the polymerization step can be determined
by measuring the enzymatic activity of the surrounding electrolyte. Regardless of the initial
amount of PPO in the coating, the quantity of actually immobilized PPO in the polymeric
matrix has been estimated at ~99%. The PPO–polymer biosensors were calibrated with
catechol, using the o-quinone reduction at an applied potential of −0.2 V versus Ag/AgCl.
The biosensor’s sensitivity to catechol (incorporating 150 nmol monomer and 0.40 mg PPO),
measured in aqueous buffer solution (pH 6.5), was found to be 116 mAM−1 cm−2. In contact
with anhydrous chloroform the biosensor still presents a rapid response (t90 ~30 s) to the
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changes in the catechol concentration. However, irrespective of the enzyme matrix
composition, all sensitivities were significantly lower than that measured in the aqueous
solution. It is worthy to mention that, the saturation of chloroform with water does not
improve the biosensors sensitivity (Fig. 17).

A.
B.

0,05 μA

C.

0,01 μA

0,05 μA

1 min
1 min

1 min

Fig. 17. Amperometric response of the modified electrode with GC-polymer-PPO (150
mmoles monomer and 0.40 mg PPO) in: A. 0.1 M phosphate buffer pH=6.5, successive
addition of catechol (10-6<c<10-5 M), B. CHCl3, 0.1 M TBAP and phosphate buffer pH=6.5
0.5% (v/v) to successive addition of cathecol (2·10-4<c<8·10-4 M), C. CHCl3 and 0.1 M TBAP
to successive additions of catehcol (6·10-6<c<4·10-5).
Consequently, the strong decrease of the biosensor sensitivity observed in chloroform may
be due to the decrease of modified polymer matrix permeability but also to the modification
of the enzyme microenvironment within the cross-linked polymer. In order to optimize the
biosensor’s construction, the effect of the composition of the PPO-monomer coatings on the
biosensor’s sensitivity was investigated. For the same enzyme loading (0.20 mg), an increase
in the monomer’s amount does not lead to an improvement of the biosensor sensitivity. As a
matter of fact, an increasing polymer film thickness will increase the resistance to diffusion
of the substrate from the polymer–solution interface to the enzyme located in proximity of
the electrode surface. The optimum composition of the monomer–PPO coating was chosen
as 150 nmol of monomer and 0.50 mg PPO. In order to examine the reproducibility of the
biosensor’s construction, four electrodes were prepared using the same mixture of enzyme
and monomer. A relative standard deviation (RSD) of 7.6% was recorded for the biosensor
response to catechol (5μM), this substrate concentration corresponding to the linear part of
the calibration curve.

5. Conclusion
Electrochemical sensors are very attractive tools in pharmaceutical, biomedical and
environmental analysis, combining all the advantages of the electrochemical methods,
especially their high sensitivity allowing the detection of very low concentrations of
analytes, with the extreme specificity of bioelements (i.e. enzymes, antibodies or DNA).
Biosensors offer an extreme flexibility brought on not only by the wide range of
biocomponents and composite electrode materials, but also by the inherent conformational
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and operational versatility that facilitates various configurations and geometrical shapes.
Last but not least, their analytical value is further enhanced by the possibility of
miniaturization (i.e. screen-printed electrodes and the so called „lab-on-a-chip” devices).
Nevertheless there are still many drawbacks and problems more or less difficult to solve
among which lack of reproducibility, very short service life (especially for enzyme-modified
electrodes, either due to the immobilization or the loss of enzymatic activity),
biocompatibility in the case of „in vivo” implanted sensors. However, all these issues
represent an irresistible challenge for the scientists. It will be the task of this century to
ensure the future development and discovery of new electrochemical sensors and their
transfer from sophisticated laboratories to end-users from pharmaceutical industry,
environmental agencies and hospitals.
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1. Introduction
There is a pressing need to detect analytes at very low concentrations, such as food- and
water-borne pathogens (e.g. E. coli O157:H7) and biothreat agents (e.g., anthrax, toxins).
Common fluorescence detection methods, such as 96 well plate readers, are not sufficiently
sensitive for low concentrations. We describe here a novel detection principle---integrating
waveguide technology (IWT)---that allows for greater sensitivity, and report on the
sensitivity of a new instrument (SignalyteTM-II) based on IWT, and relevant assays.
When fluorescent labels emit light, the emission is typically in all directions such that only a
small fraction of the light is collected by the detector as signal. This is the case with 96 well
plate readers. Simultaneously, light from the excitation source, auto fluorescence from the
sample, Raman emission from water, and electronic noise of the detector contribute to
background noise. Consequently, a detection technology that captures the majority of
emitted light while eliminating background is inherently more sensitive.

2. Integrating Waveguide Technology (IWT)
Creatv MicroTech, Inc. has developed assays based on IWT which achieves high sensitivity
by maximizing the signal while minimizing background noise. IWT assays can be
conducted either in a solid-phase or liquid-phase format. In the solid-phase IWT format,
analytes are first captured on the inner surface of the capillary tube or cuvette; while in the
liquid-phase IWT format, the analyte is in solution inside of the cuvette.
The basic principle of liquid-phase IWT detection is shown in Figure 1. In this configuration,
the sample containing fluorescent dye is placed in a glass capillary cuvette. The closed end
of the capillary cuvette forms a half-ball lens that focuses the emitted light. Detection and
quantitation are achieved by illuminating the cuvette at a 90-degree angle relative to the
length of the cuvette. The glass walls of the tube together with the sample act as a
waveguide, efficiently gathering and propagating the fluorescent signal from the entire
sample to the end of the cuvette and exits through the half-ball lens. The half-ball lens
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focuses the signal and together with additional optics, allows efficient application of
bandpass or longpass filters before sending the signal to the detection.
Liquid
Sample
Capillary
Cuvette

Excitation
Light

Emission
Signal

Lenses and
Filters
Spectrometer

Fig. 1. Integrating Waveguide Technology detection concept.
We have previously reported applications using solid-phase IWT, where analytes are
captured on the inner surface of an open ended capillary tube and analyzed using an
instrument called SignalyteTM (Li, 2005a). This format has been used to detect and quantify
Escherichia coli O157 (Zhu et al., 2005) and Bacillus anthracis spores (Hang et al., 2008),
where dection limits were 10 cells and 1000 spores, respectively.

Fig. 2. SignalyteTM-II instrument.
Based on these previous studies, a new generation intrument was developed to optimize
assays based on liquid phase IWT, called SignalyteTM-II; the instrument is shown in Figure 2.
SignalyteTM-II allows for multiplex assays by providing up to four fluorescence excitation
wavelengths from 365 nm – 635 nm. This is achieved by a combination of the excitation
source and band pass filters. To allow for maximum flexibility of high power excitation
source, LEDs are used. High power LEDs are typically available at peak wavelengths of 365
nm, 470 nm, 530 nm, 590 nm and 635 nm. Because their bandwidths overlaps, these LEDs
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are applicable for most commercially available fluorescent dyes. The excitation wavelength
can be altered, depending on the application.
Bandpass filters for the exciation source and long pass filters for the emission signal are
selected to match the absorption and emission spectra for each specific dye. These filters are
easily installed or changed. A band pass filter is needed to select the excitation LED light in
the wavelength region of the emission signal of interest. This filtered excitation light
impinges on the sample. Under ideal situations, all the excitation light leaves. Because of
scattering of the excitation light by the sample and curvette, a long pass filter is needed to
eliminate or minimize the signal caused by the excitation source.
The detection system for SignalyteTM-II is a spectrometer that is sensitive from 350 nm – 800
nm. This spectrum range is applicable for most common fluorescence applications. A
spectrometer, rather than photomultiplier tubes (PMT), is used because the spectrum
provides information about the background noise, thereby allowing it to be eliminated from
data analysis.
To achieve maximum sensitivity, the signal to noise ratio has to be as high as possible. The
signal is increased in two ways. First, the cuvette is efficient in gathering and tramsmitting
the emitted light to the detector. Numerical simulation shows that about 13 percent of the
emission is collected by the cuvette. This percentage is much larger than other standard
collection methods such as the use of a lens or optical fiber. Secondly, the duration of time
the spectrometer can collect the light can be adjusted over four orders of magnitude with the
maximum of 65 seconds. This integration of the signal is important for low fluorescence.
The SignalyteTM-II has been designed to minimize noise from the following sources:
• Excitation source. Background noise from the excitation light is minimized, because
illumination is perpendicular to the waveguide and the majority of the excitation passes
through the curvette. Only small amount of scattered light is trapped by the cuvette.
• Electronic noise. The spectrumeter is cooled providing low electronic noise. Thus
allowing integration of the signal in time without raising the noise and long signal
collection time is good for low concentrations.
• Other instrument related noises. Other noises in the instrument are primarily
associated with optics. Appropriate optics and optical filters reduces this noise.
• Non-specific binding of fluorescent dyes in sample. Non-specific binding comes from
fluorescent dyes that are not captured on purpose. This can be reduced by optimizing
the assay.
Sample size is up to 35 microliters. The instrument simultaneously tests up to eight samples
that are loaded using a standard multi-channel pipetter, plus an additional control to
measure background Raman and Raleigh scattering. The sample holder including a
reference is shown in Figure 3.

Fig. 3. Cuvette holder allows testing of 8 samples and a reference.
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“Signalyte-II Control” is the software that operates SignalyteTM-II. The interface of the
software is shown in Figure 4.

Fig. 4. SignalyteTM-II user software interface
SignalyteTM-II can test 8 samples plus a reference (tube #0). When testing the samples, the
exposure time can be set from 5 milliseconds to 65 seconds. With long exposure time, weak
signal can be integrated over a longer period of time, but background noise does not
increase as much as the signal does because of the integrating waveguide technology and
the fact that the detector is a cooled CCD. A typital exposure time for weak signal is 1 to 3
seconds.
High-power light-emitting diode (LED) is used as illumination light source in SignalyTM-II.
Comparing to broad spectrum lamps, such as mercury or xenon arc lamps, which are
widely used in fluorescence detection instruments, LEDs possess all of the desirable features
they lack. Although arc lamps can generate a broad spectrum, only a small percentage of the
projected light is utilized for fluorescence detection. Another problem for arc lampd is the
excessive heat they generate. In contrast, LEDs are cooler, smaller, and provide a far more
convenient mechanism to cycle the source on and off.
Compared to laser light, the wider bandwidth featured by LEDs is more useful for exciting a
variety of fluorescent probes. The diverse spectral output afforded by LEDs can supply the

309

Ultra-sensitive Detection Using Integrated Waveguide Technologies

optimum excitation wavelength band for fluorophores spanning the ultraviolet, visible, and
near-infrared regions. Furthermore, high-power LEDs generate sufficient intensity to
provide a useful illumination source for a wide spectrum for fluorescence detection.
Up to four LEDs can be installed in SignalyteTM-II. In the following example, there are four
LEDs, including red, amber, green and blue LEDs. The fluorescence dyes for the
corresponding LEDs are listed accordingly as Cy5, ROX, Cy3, and FITC. When choosing one
of these dyes, the excitation filter and emission filter are set at predetermined wavelengths
that optimal for the chosen dye. excitation filter shows the center wavelength of the
excitation light, and emission filter shows the cut-on wavelength of the long pass emission
filter. Table 1 shows the instrument settings for different dyes.
Fluorescence Name

Excitation Wavelength

Long Pass Filter

Cy5

635 nm

LP665

ROX

590 nm

LP630

Cy3

530 nm

LP570

FITC

470 nm

LP515

Table 1. An example of SignalyteTM-II setting for fluorescence dyes testing
After the samples are tested, the software automatically measures peak intensity of the
signal spectrum, integrates signal strength into a bar chart display, and displays the relevant
spectrum.
The user software interface shows three graphs of the testing result. The one on the lower
left corner of the user software interface, Figure 4, is SPECTRUM. The one on the upper left
corner is BAR CHART. On the upper right side above the SPECTRUM is SIGNAL. After
RUN TEST, the software automatically finds the peak intensity of the signal spectrum. The
full spectrum (350-800 nm) of each tested sample is displayed in SPECTRUM DISPLAY with
colors assigned by SPECTRUM COLOR. The integrated signal strength is displayed in BAR
CHART, and is displayed as integer values in BAR CHART.
The original data can be analyzed by dragging the three cursors, including LOW, HIGH,
and PEAK, on the SPECTRUM graph. For example, you can expand and investigate a sub
spectrum between wavelength range of LOW to HIGH by dragging the two cursors. You
can also choose your own PEAK wavelength by changing the PEAK cursor location.
The background noise can be illeminated from the emission spectrum by subtracting tube #
0 (reference) to provide a net fluorescence signal. This feature allows the SignalyteTM-II
instrument to provide both highly sensitive and precise quantitative data.
Data can be saved as an Excel spreadsheet on a computer connected by USB cable. You can
also upload previously saved data to review it.
The limits of detection for three fluorescent dyes and three fluorescent particles using
SignalyteTM-II are shown in Table 2.
The SignalyteTM-II enables numerous assay applications, such as multiplex immunoassays,
FRET- based assays, chemiluminescence detection, end point PCR, and DNA and RNA
detections without using thermal cycling amplification, multiplex quantum dots assays,
polarization assays, etc.
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Number of Detected Dye Molecules

Number of Detected Particles

CyTM5: 2.5 pM (5x107 dyes)

Purple: 10 nanoparticles

FITC: 25 pM

(5x108

dyes)

Sky Blue:12 nanoparticles

ROX: 25 pM

(5x108

dyes)

FluoSphere: 1.3x104 particles

Table 2. SignalyteTM-II is typically a factor of 100 to 1000 times more sensitive than plate
readers.

3. Ultra-sensitive immunoassays using SignalyteTM-II
Escherichia coli O157:H7 Immunoassay. E. coli O157:H7, the most common serotype of
enterohemorrhagic E. coli (EHEC), is responsible for numerous food-borne and water-borne
infections worldwide. Consequently, rapid and sensitive assays for detection of E. coli O157
are highly desirable. We have investigated two approaches for the detection of E. coli O157
based immunomagnetic separation and on filtration.
Immunomagnetic separation (IMS) techniques are routinely used for isolation, and
detection, of EHEC O157:H7 from enriched food and water samples. The assay protocol is as
follows. Antibody-coated magnetic beads were first added to the test samples to specifically
capture E. coli O157:H7 bacteria. Other bacteria and contaminants in the water samples were
removed by subsequent washes. The bead-bound E. coli O157:H7 were recognized by a
Cy5-conjugated anti-O157:H7 polyclonal antibody to form an immunosandwich complex.
After washing to remove the excess antibodies, the antibody/cell complex was dissociated
from the beads into the liquid phase. The Cy5 fluorescence intensity of the supernatant,
which was related to the target concentration, was measured using the SignalyteTM-II.

4.8

E. coli 0157:H7
Threshold

Log10 FI

4.5
4.2
3.9
3.6
3.3

1

2

3

4

5

6

Log10 E. coli 0157:H7 (cfu/ml)
Fig. 5. Results from Creatv’s immunoassay kit for detection of 10-fold serial dilutions of E. coli
O157:H7 read with the SignalyteTM-II. For IMS detection format, the limit of detection is 10
cfu/ml.
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Our data demonstrate that it is possible to detect as few as 10 cfu/ml of E. coli in a 1 ml
sample using an IMS format (Figure 5), thus allowing for rapid detection of low
concentrations of bacterial cells. The same assay read on a 96-well fluorescent plate reader
BMG FLUOstar Omega (BMG Labtech) (Figure 6) had limit of detection of 105 cfu/ml.
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Fig. 6. Results from Creatv’s fluorescence immunoassay kit for detection of 10-fold serial
dilutions of E. coli O157:H7 read with the BMG FLUOstar Omega. The limit of detection is
100,000 cfu/ml.
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Fig. 7. Results from polyclonal antibody fluorescence immunoassay for detection of 10-fold
serial dilutions of E. coli 0157:H7 demonstrating 1000 cfu/ml sensitivity. For filtration-based
format, the limit of detection was 1000 cfu/ml.
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Alternatively, Escherichia coli O157:H7 may be detected using a filtration-based format. The
assay protocol is as follows. E. coli 0157:H7 cells were grown to an approximate cell density
of 109 cfu/ml. Cells were serially diluted by 10-fold increments in phosphate buffered saline
and contacted for 1 hour by tumbling at 37° C with Dylight 649 conjugated E. coli 0157:H7
polyclonal antibody. Cell suspensions were filtered through Durapore PDVF (0.1 um pore
size) spin filters and the filters exhaustively washed to remove excess antibody. The
antibody/cell complex trapped on spin filters was then dissociated with a low pH buffer
and the fluorescent antibodies quantified with the SignalyteTM-II.
As shown in Figure 7, there was an approximate linear relationship between signal versus
log cell concentration; the limit of detection was 1000 cfu E. coli 0157:H7 in a 1 ml suspension
with polyclonal antibody.
The sensitivity using this format is lower due to non-specific binding of antibodies to the
filter polymer, which was eluted with the low pH buffer. We are currently evaluating
alternative filter polymers to eliminate this non-specific binding, which will result in lower
detection limits. Note that since larger volumes of sample can be incubated with antibody
and filtered, the ultimate detection limit is dependent on sample size.
Further, this technology is applicable to any pathogen for which suitable antibodies are
available.

4. Integrating waveguide technology in flow through format
IWT is also applicable to the analysis of multiple samples in a flow through format that
would be suitable for continuous monitoring. A schematic of the concept is shown in Figure
8, where the sample enters from one end of the capillary and exits from the other end.
Again, the capillary along with the sample enclosed by the capillary together acts as a
waveguide. The excitation light is incident perpendicular to the capillary, while the
fluorescent emission is gathered by a lens, passing through filters and lenses to a detector.
The advantage of a flow-through format is the ability to couple high analyte sensitivity with
automated detection. A prototype system has been fabricated and is currently in
development.
4.1 Flow through format demonstration by using Cy5 fluorescence solution
Proof-of-concept has been demonstrated by passing through a serial dilution of Cy5
fluorescence dye ranging from 1 picomolar to 100 picomolar using a flow through format.
Different concentrations of Cy5 were placed in vials respectively. The sample was pumped
into the top of the capillary by a parastatic pump at a flow rate of 0.5 ml/min. The parastatic
pump had two tubings, input and output. The input tubing was immersed into a vial with
Cy5 while the output tubing was connected to the top of the capillary so that the sample
cirulated through the capillary. The sample and the capillary formed a waveguide which
was illuminated by a 635 nm laser, and signal was detected by a PMT.
The tubing was initially immersed into PBS buffer, followed sequentially by Cy5 solutions
of 1 picomolar, 10 picomolar, and 100 picomolar. Finally, the input tubing was left
exposed to the air. A software was used to monitor the signal on a real time basis. Figure 9
shows the PMT signal changing over time, which correlated with the Cy5 sample
concentration. The signal dropped to background level when there was no liquid (air
only) in the flow cell.
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Fig. 8. Integrating Waveguide Technology in a flow through format.
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4.2 In-line detection of treated waste water using ATP assay
As fresh water supplies dwindle, it has become apparent that all water sources must be
available for supply to both irrigation and consumption uses. Treating and supplying
municipal water is well established throughout the world. However, the reclaiming of water
from human and animal waste, most notably for reuse in crop irrigation, is coming to a front
as water supplies become scarce.
A number of companies are studying the possibility of treating animal waste to remove
chemical and bacterial contaminants, while retaining the water to use on crops. This water
quality should conform with applicable national and international regulations and at a
minimum follow the World Health Organization’s guideline of 1000 coliforms/100 mL for
irrigation water. This presents a problem for most water specialists, in that coliform
determination is usually done off site and by specialized technicians using testing that
requires several days for verification. Here is the point at which Creatv’s Integrating
Waveguide Technology flow-through biosensor will simplify and streamline the process.
Combined with Creatv’s buoyant silica microbubbles which are capable of capturing and
concentrating various coliforms with high binding efficiency, this technologies can provide
the means to concentrate bacteria in real time while providing an automated detection
platform to determine coliform contamination. Creatv is collaborating with a developer of a
waste treatment instrument, Spiralcat of Maryland, which has the need to test water
reclaimed from animal waste using an in-line system.
Creatv has developed poly-L-Lysine coated buoyant silica microbubbles which can bind and
retain gram negative and gram positive bacteria cells. The binding efficiencies of Poly-LLysine coated microbubbles are 90% for E. coli O111, 60% for E. coli O26, 58% for Enterobacter
and 48% for Salmonella. To evaluate the use of microbubbles in a flow-though in-line testing
environment, they used a cartridge system, as shown in Figure 10. The sample flows in from
the top and leaves from the bottom. After the coliform are captured on the surface of
microbubbles, an adenosine 5´-triphosphate (ATP) assay using Promega Bactiter-Glo™
reagents has been adapted to gernerate luminescence signal. There are two steps in the
process, reaction and detection. After all input sample was flowed through the system, the
cartridge was washed by PBS. The "capping" frit was then removed and an ATP
Luminescence solution was added to the cartridge, the solution was incubated for 5 minutes
at room temperature. After incubation, the samples are transferred to the in-line biosensor,
where luminescence signal was tested and coliform concentration was determined.
The in-line biosensor shown schematically in Figure 11 is a portable instrument that can be
used for onsite testing. After the ATP incubation was finished, the sample was injected into
the testing cartridge, in this prototype a syringe was used to inject the sample. The glass
tube and the sample in the testing cartridge act as a waveguide for gathering and guiding
the luminescence signal to the PMT detector. Computer software controls the PMT, reads
out the signal, and displays the result. When testing is done, sample is removed from the
outlet by a syringe. The syringes are used to demonstrate the feasability of the in-line testing
concept, and are to be replaced by an automated pumping system, in future designs.
Creatv made several different testing cartridges, and tested them with ATP assays. The
optimized cartridge used in the final design was built with a flat glass window at the exit.
The testing cartridge consists of a sample chamber, a glass tube that holds the sample, an
inlet, an outlet, and a flat glass exit window, as shown in Figure 12. The sample is injected
into the chamber from the inlet located at the bottom of the testing cartridge. Sample and the
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glass tube act as a waveguide for gathering and guiding luminescence to the exit window.
The exit window is mounted on top of the input window of the PMT. Computer software
controls the PMT, reads out the signal, and displays the result. When testing is done, sample
is sucked up from the outlet through a capillary tube. The testing cartridge is reusable by
washing the chamber several times with buffer. Buffer can be injected from the inlet and
removed from the outlet.

Sample Input
from Pump

Column
Bubbles
Sample
Large
Pore Frit
Return to
Sample Source
Fig. 10. Flow through cartridge with bubbles.
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Fig. 11. Schematic of the detection instrument
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Fig. 12. Illustration of disposable cartridge construction and the photograph of the cartridge.
The full bubble and luminescence assay was run using sterile water to obtain a positive
control. A summary of the developed protocol is:
1. Add 250 uL microbubbles to a column with a large pore frit and a capping frit
(Cartridge picture) and attach to a peristaltic pump.
2. Flow 100 mL sample at 2mL/min through the column.
3. Wash the column with 5 mL PBS.
4. Add 100 uL PBS and 100 uL Luminescent Reagent to column, Incubate 5 minutes.
5. Remove 200 uL of solution to a 96 well plate for detection.
The positive controls were run in 100 mL sample inputs, with cultured E. coli O157 serial
diluted from 1:10 concentrations of 1 cfu/mL to 106 cfu/mL.
Using the samples from the various batch runs from Spiralcat, this experiment was repeated
by spiking E. coli into the Spiralcat reclaimed water sample. In Figure 12, the above protocol
was used and every concentration was done in triplicate. The “zero” concentration was run
26 times in order to determine limit of detection (LOD). As seen in Figure 13, R values of the
pure culture using the bioluminescent reagent was +99%, the R value for E. coli spiked in
water was 98%, and the R value of the full assay using a “real” output sample from Spiralcat
was 91%. Importantly, the capture rate of E. coli did seem to be lower in the Spiralcat
samples, but additionally the negative control of the Spiralcat sample had a 40% lower
background signal with a lower deviation between runs. These results show us that the
Luminescent Bubbles assay is highly reproducible over time using “real” samples sampled
on different days. Further, the assay is in a format which is adaptable into the prototype
instrument we designed with no technician input needed to run a liquid sample.
Test results in Figure 13 show that the in-line luminescent detection system can detect 100
cells of E. coli in a 100 mL sample of Spiralcat reclaimed water.
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Fig. 13. Comparison of experiment results from the pure cell culture using the bioluminescent
reagent, E. coli spiked in water using Creatv’s microbubble assay, and the same assay using
a reclaimed water sample from Spiralcat.

5. Conclusion
The ultra-sensitive fluorescence detection instrument, SignalyteTM-II, is based on Integrating
Waveguide Technology. The sensitivity is achieved by maximizing the signal while
minimizing background noise. A very sensitive E. coli O157:H7 detection assay based on
IMS techniques was developed and fluorescent signal was tested on SignalyteTM-II. For IMS
detection format, testing data demonstrate that as few as 10 cfu/ml of E. coli in a 1 ml
sample is detectable. Another application of Integrating Waveguide Technology is in flowthrough format. We demonstrate a real time fluorescence detection system using Cy5 dye.
The flow through format can also be adapted to luminescence detection. We developed an
in-line detection system of treated waste water using ATP assay. Testing result shows that
100 cells of E. coli in a 100 mL sample of reclaimed waste water is detectable.
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1. Introduction
Phenol and its derivatives is one of the most important parameters which should be
monitored in environmental engineering. They are present in many wastewater streams of
the oil, paint, paper, polymer and pharmaceutical industries. Phenolic compounds reach
into the food chain by wastewaters then lead to dangerous and toxic effect on aquatic
organisms. Principal standard methods for quantitative phenol measurement are high
performance liquid chromatography (HPLC), electrochemical capillary electrophoresis (CE),
gas chromatography (GC) and colorimetric spectrophotometry. Although, these methods
are analytically capable, generally they require pretreatment processes such as extraction,
cleaning, dilution of the samples as well as additional chemicals. Owing to those
disadvantages, researchers have focused on enzyme based amperometric biosensors for
measuring phenolic compounds due to their advantages such as good selectivity, working
possibility in aqueous medium, fast responding, relatively low cost of realization and
storage and the potential for miniaturization and automation. Amperometric biosensors,
have been developing for phenol and its derivatives, are usually prepared with working
electrodes which include polyphenol oxidases (PPO) (tyrosinase and laccase) and enzyme
horseradish peroxidase (HRP). HRP reaction with phenols is faster than PPO enzyme
reactions, and HRP-based working electrodes show higher sensitivity in comparison to
PPO-based electrodes. Thus, the usage of HRP on working electrodes can be advised for fast
and effective phenol measurements.
The design of a support matrix that binds the enzyme and bare electrode can be target
specific providing efficient electron transport via added functional groups or nanoparticles
into the composite structure of the electrode. Conducting polymers as supporting matrix are
usually used as copolymers or composite films in biosensor systems since mechanical and
processing properties of their homopolymers are weak (Tsai & Chui, 2007; Heras et al., 2005;
Carvalho et al., 2007; Serra et al., 2001; Mailley et al., 2003). Copolymerization does not
require rigorous experimental conditions, and can be employed for the polymerization of a
large variety of monomers leading to the formation of new advantageous materials
(Böyükbayram et al., 2006; Kuwahara et al., 2005; Yilmaz et al., 2004; Yilmaz et al., 2005).
Nanomaterials have also been used to improve the operational characteristics of biosensors
(Yang et al., 2006; Zhou et al., 2007; Rajesh et al, 2005; Shan et al., 2007). This improvement
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results from both increased surface area and increased catalytic activity. Carbon nanotubes
(CNTs) have emerged as a new class nanomaterials that are receiving considerable interest
owing to their ability to promote electron transportation (Zhao et al., 2006; Chen et al, 2007;
Zeng et al., 2007; Liu et al., 2006; Vega et al., 2007; Santos et al., 2007). The high conductivity
of this carbon material leading to a level of 102 Ω-1cm-1 improves electrochemical signal
transduction, while its nano-architecture imposes the electron contact between redox
centers, deeply inlaid in enzyme structure, and the smooth surface of the electrode.
In this chapter, we reported HRP-based amperometric phenol biosensors, which were
comprised of working electrodes prepared in various designs, developed in order to get
reliable, selective, sensitive and fast detection of phenol and its derivatives. Various
compositions of polymeric/composite films were synthesized onto the surface of the
electrodes. Various supporting matrix, designed target specific, were used for the fabrication
of some of these polymeric/composite films. We are planning to cover a detailed
investigation and discussion of the enzyme based working electrodes with regard to the
response dependences as well as their amperometric characteristics including sensitivity,
linear range, detection limit, relative standard deviation and reproducibility of the
composite film electrodes.

2. General principle of enzyme-based amperometric biosensors
Amperometric biosensors are analytical devices in which a biological material is used as a
biological catalyst in combination with an electrical transducer. A biosensor responds to an
analyte in a sample and interprets its concentration as an electrical signal via a biological
recognition system and the electrochemical transducer. Amperometric biosensors possess
linear concentration dependence, compared to a logarithmic relationship in potentiometric
systems and measure change in the current on the working electrode due to the direct
oxidation of the products of a biochemical reaction. Electrochemical biosensors have been
under development for 40 years, and over this time a wide variety of sensors has been
developed. The overriding theme of biosensors is the ability to perform selective biological
recognition of the target analyte in a complex sample matrix and couple this to sensitivity of
electrochemical detection. The magnitude of the response of amperometric biosensors
depends on a number of factors, including the kinetics of the enzymatic reaction, the
construction, and the operation mode of the enzyme electrode. The response from the
electrode can either be diffusionaly or kinetically controlled. With kinetically controlled
enzyme electrodes, the enzyme loading is sufficiently low that the response depends on the
enzyme concentration and the kinetics of the enzymatic reaction. Such behaviour has
limited analytical utility as response saturation occurs at low substrate concentration. The
diffusionaly controlled electrode possesses very high enzyme loadings such that the current
is independent of small changes in enzyme concentration; consequently, the current
response is a function of analyte concentration and diffusion. Enzyme electrodes can be
operated in several measurement modes: dynamic steady-state, potential step, and flowinjection mode. The steady-state mode allows reaction equilibrium to be reached before the
analytical signal is obtained, whereas in dynamic measurement the signal is obtained
quickly as a predetermined timepoint after introduction of the sample. Both potential step
and flow-injection measurements are transient responses due to the transient nature of the
techniques (Diamond, 1998).
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2.1 HRP-based amperometric phenol biosensors
Amperometric biosensors for the detection of phenolic compounds have been introduced as
a mono-enzyme system using tyrosinase, laccase or HRP. Tyrosinase biosensors are
restricted to the monitoring of phenolic compounds having at least one ortho-position free.
On the other hand, laccase biosensors give response to phenolic compounds with free paraand meta-position with a complicated catalytic cycle. HRP having less selectivity to
phenolics is capable of giving response to a large number of phenol derivatives, and shows a
high stability and efficiency for different biosensor designs. HRP was oxidized by hydrogen
peroxide and re-reduced by phenols. Phenoxy radicals, formed during the enzymatic
oxidation of phenolic compounds in the presence of hydrogen peroxide, were reduced
electrochemically on the electrode surface; the reduction current is proportional to
concentration of phenolic compound (Korkut el al., 2008; Korkut Ozoner et al., 2011).

Fig. 1. The electrochemical reaction between HRP and phenol on electrode surface.
2.2 Polymers for working electrodes
To achieve high biosensor performance, it is very necessary to fabricate excellent electrode
support materials for both effective immobilization of enzyme and fast electron transport
between enzyme and metallic electrode. Electropolymerizable conducting polymers are
generally used as supporting matrix for working electrodes. Among the conducting
polymers, polythiophene has a special place due to their electrical properties, rich synthetic
flexibility, and environmental stability in doped and undoped states, non-linear optical
properties, and highly reversible redox switching. Synthesis of a thiophene-functionalized
methacrylate monomer [3-methylthienylmethacrylate (MTM)] via the esterification of 3thiophene methanol with methacryloyl chloride can be prepared. Thus, the MTM monomer
obtained has two polymerizable groups: the vinyl group is useful for radical polymerization
while the thiophene ring, with substitution at the 3-position, can be employed in both
oxidative polymerization and electropolymerization. It is also possible to prepare block and
random copolymers of MTM with other acrylic or vinyl monomers at different
compositions. Subsequently, constant-potential electrolyses can be employed for the
synthesis of the graft copolymers of the side chain thiophene (Depoli et al., 1985).
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Copolymerization is the most effective and successful way among the existing
polymerization techniques for incorporation of systematic changes in polymer properties. It
does not require rigorous experimental conditions, and can be employed for the
polymerization of a large variety of monomers leading to the formation of new materials.
Reactive functional polymers can be prepared by incorporation of acrylates and
methacrylates monomers containing side chain reactive functional groups into polymers.
Various architectures of epoxy group possessing polymers have been developed in the
literature. Copolymers of glycidyl methacrylate (GMA), an epoxy group containing
methacrylate monomer, have received great interest. Epoxide is a three-membered cyclic
ether and very reactive due to the large strain energy (about 25 kcal mol-1) associated with
the three-membered ring. Therefore, it can be employed into a large number of chemical
reactions by ring opening. Various applications of chemically modified pendant
copolymers, such as immobilization of enzymes, DNA, catalysts, and biomolecules, were
reported (Hradil & Svec, 1985; Lukas & Kalal, 1978).
2.3 Working electrode fabrications
Polymeric coatings can be applied to a wide range of electrode support materials. Electrodes
covered with polymeric coatings have thicker layers which, besides increasing the flexibility
for choosing the coating material, permit to obtain a higher surface coverage and therefore
to increase the amount of electroactive material attached to the surface. Polymeric coatings
can be formed by electropolymerization of monomers or by solution casting of preformed
polymers. Electropolymerization, a recent focus among immobilization strategies, is an
electrochemical route to form polymeric coatings by entrapment of biomolecules and
involves the application of an appropriate potential to a working electrode immersed in an
aqueous solution containing the electropolymerizable monomer and enzyme, which is
homogeneously incorporated in the growing polymer. The enzyme/polymer interaction is
of paramount importance to improve the fundamental knowledge about the biological
interface of the biosensor. So far, difficulties to understand the exact mechanism of
entrapment and the dynamic effects on biosensors partially result from a scarcity of reports
comparing different polymer matrix for immobilization of the same enzyme. In the
entrapment technique which is easy and rapid one-step procedure, enzyme does not link
onto the polymeric structure, and can act as it is in its free form in the pores during/after
electropolimerization process. However, biological activity of the entrapped enzyme
decreases probably due to the hydrophobic character of polymers and the steric hindrances
caused by the surrounding polymer, which drastically reduces the accessibility to the
immobilized biomolecules. Enzymes can also be chemically immobilized to a polymer
matrix basically in a two-step process: a polymer film containing functional groups for
enzyme immobilization is formed on electrode surface, then the electrode is dipped in
enzyme solution or the enzyme solution is dropped onto the surface of the electrode.
Covalent bindings are stronger and therefore less prone to biomolecule detachment, thus
increasing the stability of the linkage. As an alternative to electropolymerization, polymer
coatings can also be formed by casting of films from solution using preformed polymers. In
this way, the amount of material on the electrode surface can be controlled by the
concentration and the amount of polymer solution applied. The actual layer thickness is,
however, less well defined than in electropolymerization, an important issue as often the
analytical signal will depend on the thickness of the modifying layer.
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3. Experimental procedures
3.1 Chemicals
Horseradish peroxidase (E.C.1.11.1.7) with an activity of 10 000U vial-1 (according to
pyrogallol method performed by the supplier), aqueous solution of hydrogen peroxide
(30%), glutaraldehyde (25%), lithium chloride, dichloromethane (DCM), N,N-dimethyl
formamide (DMF), α,α’-Azobisisobutyronitrile (AIBN), di-potassium hydrogen phosphate,
citric acid, tri-sodium citrate, acetic acid (96%), sodium acetate tri-hydrate and potassium dihydrogen phosphate were purchased from Merck. Tetrahydrofuran (THF) was obtained
from Riedel. Phenol, ρ-benzoquinone, hydroquinone, 2,6-dimethoxyphenol, 2-chlorophenol,
3-chlorophenol, 4-chlorophenol, 2-aminophenol, 4-methoxyphenol, pyrocatechol, guaiacol,
m-cresol, o-cresol, p-cresol, catechol, 4-acetamidophenol, pyrogallol, 2,4-dimethylphenol,
pyrrole monomer (99%), sodium dodecyl sulfate (SDS) and 1-cyclohexyl-3(2morpholinoethyl)carbodiimide metho-p-tolueno-sulfonate were obtained from Sigma. Stock
solutions of various phenols were daily prepared in 0.1 M, pH 7 phosphate buffer solution.
Multiwalled carbon nanotubes (MWCNTs) were obtained from Nanocs. Inc., Newyork, USA.
3.2 Synthesis of Poly(glycidyl methacrylate-co-3-thienylmethyl methacrylate)
{Poly(GMA-co-MTM)}
Side chain thiophene containing monomer, 3-thienylmethylmethacrylate (MTM) was
synthesized according to the previously reported papers (Yilmaz et al., 2004; 2005).

Fig. 2. Synthesis of Poly(GMA-co-MTM).
We have previously reported the copolymers of MTM with glycidyl methacrylate (GMA)
and monomer reactivity ratios were determined for low conversion using Fineman Ross
(FR) (rGMA= 0:9795; rMTM= 0:5641) and Kelen Tüdỏs (KT) (rGMA = 0:9796; rMTM =0:5771)
graphical methods (Gunaydn & Yilmaz, 2007). Poly(GMA-co-MTM) was synthesized via
radical polymerization of appropriate GMA/MTM feed mixture in the presence of AIBN as
an initiator. Predetermined quantities of MTM, GMA and AIBN (1% of total weight of
monomers) in DMF with a volume of 1.5 mL were placed in a Pyrex tube. The mixture was
deoxygenated by flushing with oxygen-free argon for at least 15 min. The tube was tightly
sealed and immersed in a thermostated oil bath at 60 ± 1°C. The conversion was determined
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by gravimetric measurements. After the reaction, copolymer was precipitated in methanol,
filtered off, and purified by reprecipitation from DCM solution into methanol and finally
dried in vacuo for 24 h. The solution of Poly(GMA-co-MTM) was prepared in THF solvent.
3.3 Amperometric measurements
Amperometric measurements were performed by using a CHI Model 840B electrochemical
analyzer. A gold working electrode (2 mm diameter), a glassy carbon working electrode
with a diameter of 3 mm for batch measurements, 2 mm for flow injection analyses (FIA), a
Platinum wire counter electrode, a Ag/AgCl (3M NaCl) reference electrode, and a
conventional three-electrode electrochemical cell were used in the experiments.
Measurements of phenolic compounds were carried out in 0.1 M, pH 7 phosphate buffer in
the presence of 0.7 mg mL-1 lithium chloride with an applied working potential of -50 mV.
3.4 Experimental setup
3.4.1 FIA system
FIA system was set up with an HPLC pump (GBC LC1120), an injection valve (Shimadzu)
and a flow cell including three-electrode system. The HPLC pump was adjusted to deliver a
carrier solution at a constant flow rate. Potassium phosphate buffer was used as carrier
solution. Samples were injected into the carrier solution, passing from the flow cell, by an
injection valve with a volume of 1 mL. A sharp current peak was formed for each phenolic
injection at a working potential of -50 mV.

Fig. 3. Schematic diagram of the FIA system: carrier solution (A), HPLC pump (B), injection
valve (L), flow cell (C), Pt counter electrode (D), Ag/AgCl reference electrode (E), glassy
carbon working electrode (F), potentiostat (G), computer (H) and data recorder (K).
3.4.2 Batch system
Electrochemical batch measurements were carried out in 10 mL of potassium phosphate
buffer with a continuous stirring at 600 rpm in three-electrode cell. Three-electrode system
was immersed into the electrochemical cell, a working potential of -50 mV was applied and
current was allowed to reach a steady-state value then, various concentrations of phenolic
compounds were added into the cell to produce i-t curves of amperometric measurements.
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Fig. 4. Schematic diagram of the batch system.
3.5 Fabrication of the working electrodes
3.5.1 Poly(glutaraldehyde-co-pyrrole)/HRP {Poly(GA-co-Py)/HRP} composite film
electrode
The composite film electrode was used in FIA system. Poly(glutaraldehyde) solution was
prepared by adding 2 mL of 0.1 M NaOH and 2 mL of 25% glutaraldehyde to 10 mL of
distilled water. The solution was stirred at 600 rpm for 30 minutes in order to polymerize
glutaraldehyde. The final pH must be 9-10. The copolymerization medium was comprised
of 0.01 M pyrrole and 0.6 mg mL-1 SDS in 10 mL of prepared PGA solution. This medium
was circulated through the flow cell using the HPLC pump under a potential scan between
0 and +1.2 V with the scan rate of 100 mV s-1. Then the copolymerized film coated electrode
was immersed into 25% glutaraldehyde solution to increase the number of aldehyde groups
in the composite film of Poly(glutaraldehyde-co-pyrrole) {Poly(GA-co-Py)}, and stored at
+4°C overnight. The electrode was washed potassium phosphate buffer, and immersed in
0.3 mg mL-1 HRP solution for 20 hours. Finally, the electrode was washed again with buffer
to remove excess HRP.
3.5.2 Carbon nanotube/Polypyrrole/HRP (CNT/PPy/HRP) nanocomposite film
electrode
A modified acid oxidative method was used for preparation of water-soluble CNTs (Zhao et
al., 2002). 14 mg of MWCNTs were added into 5 mL of a 9:1 concentrated H2SO4/H202 (30%)
solution and stirred for 30 min for CNTs oxidation. After the reaction, 15 mL of the 9:1
concentrated H2SO4/H202 solution was added into the mixture. The mixture was placed in
an ultrasonic bath and sonicated for 5 min. Resulting CNTs dispersion was diluted using 1 L
of distilled water and filtered through a 0.45 µM cellulose membrane. The filtrate was
washed with 0.01 M NaOH solution and distilled water till the pH level reaching to 7 and
dispersed in distilled water (0.03 mg L-1). The resulting CNTs solution was sonicated for 2
min to obtain a homogeneous CNTs solution. Nanocomposite film was formed onto the
surface of the gold electrode by immersing the electrode to an electropolymerization
medium contained 5 mL of oxidized CNTs solution, 5 mL of 0.05 M pH 6.5 citrate buffer,
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0.01 M pyrrole, 0.6 mg L-1 SDS and 0.3 mg L-1 HRP under a potential scan between 0 and
+1.2 V for 4 minutes at a scan rate of 100 mVs-1.
3.5.3 Poly(glycidyl methacrylate-co-3-thienylmethyl methacrylate)-Polypyrrole-Carbon
nanotube-HRP {Poly(GMA-co-MTM)/PPy/CNT/HRP} composite film electrode
6 mg of Poly(GMA-co-MTM) was dissolved in 10 mL THF. The polymer solution with a
volume of 20 µL was directly spread onto the surface of a gold electrode. The electrode was
then allowed to dry for solvent evaporation at room temperature. Poly(GMA-co-MTM)
coated electrode was dipped into the electropolymerization medium contained 5 mL of
oxidized CNTs solution, 5 mL of 0.05 M pH 6.5 citrate buffer, 0.01 M pyrrole, and 0.6 mg L-1
SDS under a potential scan between (-1.2) – (+1.2) V for 4 minutes with a scan rate of 100
mVs-1. Poly(GMA-co-MTM)/PPy/CNT electrode was pre-treated at a potential of +2 V vs
Ag/AgCl for 5 minutes in 0.1 M, pH 7 phosphate buffer. The electrode was then allowed to
react for 3.5 hours within the solution of 5 mg L-1 1-cyclohexyl-3(2-morpholinoethyl)
carbodiimide metho-p-tolueno-sulfonate with a continuous stirring at 200 rpm. The
electrode was dipped into a solution of 0.3 mg L-1 HRP, dissolved in 0.1 M, pH 7 phosphate
buffer, and stored at +4°C overnight.
3.5.4 Poly(glycidyl methacrylate-co-3-thienylmethyl methacrylate)-Polypyrrole-HRP
{Poly(GMA-co-MTM)/PPy/HRP} composite film electrode
20 µL of 0.6 mg L-1 of Poly(GMA-co-MTM) was directly spread onto the surface of the
polished glassy carbon electrode. After the solvent evaporation polymer coated electrode
electropolymerized with polypyrrole in a polymerization medium contained 10 mL of 50
mM pH 6.5 citrate buffer including 0.01 M pyrrole, 0.6 mg mL-1 SDS and 0.6 mg mL-1 of HRP
at a potential scan between (-1.2) – (+1.2) V for 4 minutes at a scan rate of 100 mVs-1.

4. Results and discussions
4.1 FIA of phenols by using Poly(GA-co-Py)/HRP composite film electrode
Various concentrations of p-benzoquinone, catechol and phenol ranging between 75 µM and
750 µM with 1.5 mM hydrogen peroxide were injected to the carrier solution at a flow rate of
1 mL min-1 (Fig. 5). No reproducible response was obtained for phenol from Poly(GA-coPy)/HRP composite film electrode, and the best response was observed for catechol as
model phenolic. The difference in response among the phenolic compounds depends on the
different affinity of HRP towards its substrates, and the formation of o-quinones during the
enzymatic reaction for each phenolic (Tsai & Cheng-Chui, 2007).
Effect of flow rate was investigated on the FIA system response to a series of pbenzoquinone injections at different flow rates ranged between 0.25-6 mL min-1 (Fig. 6). It
was observed that the obtained peak currents decreased as a consequence of the short
retention time of the substrate with the enzyme depending on the increase of the flow rate.
In addition, unstable signals were shaped with the increasing flow rate due to the unsteady
flow conditions through the composite film. The flow rate in the FIA system affected the
sample throughput, detection limit and accuracy. The disadvantages of lower flow rates
were low sample throughput and an increase in dispersion. By using a higher flow rate, a
greater number of samples could be analyzed, and the peaks became narrower, but the
detection limit increased and unstable responses were observed.
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Fig. 5. Poly(GA-co-Py)/HRP composite film electrode response to 75-125-200-300-500-750
µM p-benzoquinone, catechol and phenol injections. Applied potential was -50 mV (vs.
Ag/AgCl, 3 M NaCl).

Fig. 6. Effect of 0.25-0.5-1-2-4-6 mL min-1 flow rate on Poly(GA-co-Py)/HRP composite film
electrode response to 75-125-200-300-500-750 µM p-benzoquinone injections. Applied
potential was -50 mV (vs. Ag/AgCl, 3 M NaCl).
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Stability of Poly(glutaraldehyde-co-pyrrole)/HRP composite film electrode was evaluated
by the 20 repetitive analyses of p-benzoquinone at a concentration of 2.5 µM recorded at 1
min intervals over a prolonged period. Well-defined reduction responses were obtained
with a standard deviation of ±0.23 nA. Poly(GA-co-Py)/HRP composite film electrode could
be used for one month without loosing its initial response. The high operational and storage
stability of the electrode can be a result of removing of the enzymatic phenolic products by
continuous flow. Owing to the copolymerization of pyrrole with glutaraldehyde, a sufficient
electron transfer was provided between enzyme and the electrode since PGA contains
conjugated electroactive aldehyde groups. These active aldehyde groups incorporated to the
conductive polymeric backbone by the copolymerization with pyrrole. Therefore, strong
chemical bonds were formed between HRP and the copolymeric film via the aldehyde
groups of the copolymer. There have been a few reports of FIA phenol biosensor in
literature. Poly(GA-co-Py)/HRP composite film electrode showed lower detection limit and
wider linear range in comparison to those reports (Table 1). This can be attributed to the
electrocopolymerization of glutaraldehyde with pyrrole monomer since the aldehyde
groups of PGA both electroactive and capable to bind the enzyme chemically.
Analyte

Biosensor

Detection
limit
(µM)

Linear
range
(µM)

Reference

p-Cresol

Laccase/Graphite

39

10-1000

(Wilkolaza
et al., 2005)

4-Chlorophenol

Laccase/Graphite

346

1000-10000

(Wilkolaza
et al., 2005)

Hydroquinone

Laccase/Graphite

0.58

1-10

(Wilkolaza
et al., 2005)

Hydroquinone

Laccase/ECH
Sepharose

-

0-500

(Vianello
et al., 2006)

4-Aminophenol

Laccase/Graphite

0.61

1-10

(Wilkolazka
et al., 2005)

4-Methoxyphenol

Laccase/Graphite

7.9

1-100

(Wilkolazka
et al., 2005)

Poly(GA-co-Py)/HRP

2

2.5-750

This study

p-Benzoquinone
(at a flow rate of 1mL min-1)

Table 1. Analytical parameters of some FIA biosensors for phenolic compounds.
4.2 Amperometric detection of phenolic compounds in batch operation
4.2.1 CNT/PPy/HRP nanocomposite film electrode
Electropolymerization CVs of CNT/PPy/HRP nanocomposite film and PPy/HRP (without
CNT) electrode were shown in Fig. 7. Typical polypyrrole voltammograms were obtained
for both electrodes. Oxidation current of pyrrole was much higher for CNT/PPy/HRP
nanocomposite film electrode than the other electrode fabricated without CNT. This can be
attributed to the enhanced pyrrole oxidation process since the electron transfer mechanism
was facilitated by the incorporation of CNT into the PPy film structure.
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Fig. 7. Cyclic voltammogram of CNT/PPy/HRP (A), and PPy/HRP (B) electrode at a scan
rate of 100 mV s-1.

Fig. 8. Amperometric response of CNT/PPy/HRP electrode to 4-methoxyphenol (A),
hydroquinone (B) and 2-aminophenol (C) additions.
Eighteen phenolics were tested for CNT/PPy/HRP nanocomposite film electrode with an
applied potential of -50 mV. Fig. 8 illustrates typical amperometric responses of the
electrode after the addition of successive aliquots of some of the phenolic compounds under
a constant stirring at batch operation. Table 2 summarizes the characteristics of the
calibration plots obtained for the phenol derivatives, as well as the corresponding limits of
detection calculated according to the 3sb/m criteria where m is the slope of the linear range
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of the respective calibration plot, and sb is estimated as the standard deviation of the signals
from different solutions of the phenolics at the concentration level corresponding to the
lowest concentration of the calibration plot. The lowest detection limit was found to be 0.027
µM (S/N=3) for p-benzoquinone and the highest detection limit was found to be 27.9 µM
(S/N=3) for 2,4-dimethylphenol among the tested phenolics. It was previously reported that
the phenolic compounds with electron-donor substituents in an ortho-position gave no
response (Kane & Iwuoha, 1998). CNT/PPy/HRP nanobiocomposite film electrode did not
give any response to o-cresol. The highest sensitivity was obtained for 4-methoxyphenol
since presence of –OCH3 group of 4-methoxyphenol allows HRP to oxidize more efficiently.
A lower sensitivity was observed for 2,4-dimethylphenol, as expected, for the one having
the ortho-position occupied by a methyl group. The sensitivity ranges between 1-50 nA μM-1
for the phenolics tested.
Analyte
Phenol
p-Benzoquinone
Hydroquinone
2,6-Dimethoxyphenol
2-Chlorophenol
3-Chlorophenol
4-Chlorophenol
2-Aminophenol
4-Methoxyphenol
Pyrocatechol
Guaiacol
m-Cresol
o-Cresol
p-Cresol
Catechol
4-Acetamidophenol
Pyrogallol
2,4-Dimethylphenol

0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.98
0.99

Sensitivity
(nA µM-1)
1
3
8
7
8
6
8
40
50
8
9
9

0.98
0.98
0.99
0.98
0.98

5
2
3
1
1

r

Linear range
(µM)
16-144
0.02-0.16
16-240
1.6-19.2
1.6-8
1.6-12.8
1.6-14.4
8-60.8
1.6-81.6
1.6-446.4
1.6-9.6
8-20.8
no response
128-832
1.6-8
1.6-16
1.6-22.4
64-240

LOD
(µM)
3.52
0.027
6.42
0.29
0.26
0.2
0.3
1.53
1.06
6.27
0.3
1.5
24
0.93
1.11
1.24
27.9

%RSD
2.89
4.43
6.5
1.8
1.7
1.1
1.87
5.4
2.8
6.7
1.92
2.84
2.5
3.8
2.57
1.2
2.2

Table 2. Analytical characteristics of CNT/PPy/HRP nanobiocomposite film electrode for
various phenolic compounds. Applied potential; -50 mV, 0.1 M phosphate buffer (pH 7)
containing 16 µM hydrogen peroxide.
Fig. 9 illustrates the amperometric responses of CNT/PPy/HRP and PPy/HRP working
electrodes to increasing concentrations of hydroquinone additions into the 0.1 M, pH 7
phosphate buffer at an applied potential of -50 mV (vs. Ag/AgCl). No reproducible signals
were observed for PPy/HRP electrodes. CNT/PPy/HRP nanobiocomposite film electrode
achieved to produce measurable responses by the regular growth of reduction currents.
CNTs were thought to impose the electron transfer of the mediated reaction. It was
previously reported that peroxidases were able to do direct electron transfer between
enzyme molecules and electrode thus they did not need electron mediators for electron
transfer (Gorton et al., 1992). However, in this study, the available responses could only be
obtained by CNTs-based electrode due to its ability to promote electron transfer reaction
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with HRP. Furthermore, the amount of active immobilized enzyme in CNT/PPy/HRP
nanobiocomposite film and PPy/HRP biocomposite film was found to be 6.1 and 2.7 μg,
respectively. The immobilized enzyme quantity was measured by using the enzyme activity
assay according to the previously reported procedure (Vojinovic et al., 2004).
Nanobiocomposite film, involving CNTs, attached higher amount of enzyme than the
composite film without CNTs due to their unique structure having activated large surface
area. The nanostructure of the biocomposite could intensify the surface for higher
biocatalytic activity. HRP was mainly entrapped into the polymeric film structure during
the pyrrole electropolymerization process, and chemically linked via the carboxylated
groups of CNTs.

Fig. 9. Amperometric responses of CNT/PPy/HRP (A) and PPy/HRP working electrode (B)
to the successive additions of hydroquinone.

Fig. 10. Cyclic voltammogram of Poly(GMA-co-MTM) film electrode (A) and Poly(GMA-coMTM)/PPy/CNT/HRP composite film electrode (B) in 0.1 M, pH 7 phosphate buffer at a
scan rate of 100 mVs-1.
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Fig. 11. SEM images of Poly(GMA-co-MTM) film (A) and Poly(GMA-co-MTM)/PPy/CNT
composite film (B).
4.2.2 Poly(GMA-co-MTM)/PPy/CNT/HRP composite film electrode
The electrochemical properties of the composite electrodes of Poly(GMA-co-MTM)
(Fig. 10A) and Poly(GMA-co-MTM)/PPy/CNT (Fig. 10B) were evaluated through cyclic
voltammetry in 10 mL of 0.1 M phosphate buffer solution (pH 7) contained 0.7 mg mL-1 of
lithium chloride. CV obtained with Poly(GMA-co-MTM) film electrode revealed, in both
scan directions, that no voltametric peak in the scanning potential range (0 to 1.2 V vs.
Ag/AgCl) is obtained. It means that the thiophene groups on the copolymer did not show
any electroactivity. In the case of pyrrole present in the system, the usual pyrrole
polymerization peaks were drastically shifted (Fig. 10B). It is an indication for the
electropolymerization reaction between pyrrole and the thiophene moiety of the copolymer.

Fig. 12. Amperometric response of Poly(GMA-co-MTM)/PPy/CNT/HRP composite film
electrode to the successive additions of guaiacol (A) and pyrogallol (B).
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Fig. 12 shows amperometric response of Poly(GMA-co-MTM)/PPy/CNT composite film
electrode to some of the phenolics. The biosensor responded rapidly to the concentration
increments of the various phenolics. Rapid response indicates a fast electron exchange
between HRP and its substrates, indicating that the catalytic properties of the enzyme were
not hindered by Poly(GMA-co-MTM)/PPy/CNT/HRP composite film. Analytical parameters
were presented in Table 3. Wide linear range was observed for 2-chlorophenol (1.6-68.8 µM),
3-chlorophenol (1.6-81.6 µM) and 4-chlorophenol (1.6-86.4 µM) with the correlation
coefficient of 0.999. The biosensor was also tested by the phenolics recovery experiments,
which showed satisfactory results, with recoveries from 95% to 107% for the all tested
phenolics. The available responses could only be obtained by the copolymeric film of
Poly(GMA-co-MTM)/PPy. No reproducible response was observed by the electrode only
coated with Poly(GMA-co-MTM) since it was not an electroactive polymer.
Analyte

r

Sensitivity
(nA µM-1)

Linear range
(µM)

LOD
(µM)

%RSD

Phenol

0.99

p-Benzoquinone

0.99

0.7

1.6-72

0.732

7.5

5

1.6-25.6

0.409

13

Hydroquinone

0.99

9

1.6-25.6

0.336

8.8

2,6-Dimethoxyphenol

0.99

0.8

1.6-36.8

0.382

8.38

2-Chlorophenol

0.99

1

1.6-68.8

0.249

4.7

3-Chlorophenol

0.99

1

1.6-81.6

0.441

9.9

4-Chlorophenol

0.99

1

1.6-86.4

0.336

6.9

2-Aminophenol

0.99

2

1.6-44.8

0.247

6.6

4-Methoxyphenol

0.99

2

1.6-35.2

0.312

6.35

Pyrocatechol

0.99

1

1.6-49.6

0.516

11

Guaiacol

0.99

0.3

3.2-52.8

0.490

10

m-Cresol

no response
no response
no response

o-Cresol
p-Cresol
Catechol

0.99

2

1.6-44.8

0.304

7.5

4-Acetamidophenol

0.99

3

1.6-22.4

0.624

12

Pyrogallol

0.99

0.1

4.8-48

0.660

11

2,4-Dimethylphenol

0.99

0.4

1.6-40

0.382

7.8

Table 3. Analytical characteristics of Poly(GMA-co-MTM)/PPy/CNT/HRP composite film
electrode for various phenolic compounds. Applied potential; -50 mV, 0.1 M phosphate
buffer (pH 7) containing 16 µM hydrogen peroxide.
The most possible linkages between HRP and the functional groups of the composite film
were C-N bonds. The enzyme HRP was chemically immobilized via the epoxy groups of the
Poly(GMA-co-MTM) and the carboxyl groups of the CNTs. The bonding mechanisms are
illustrated in Fig. 13. Theoretically, it is possible for an enzyme molecule to bind to the
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composite film through the two different mechanisms simultaneously. Such multiple
linkages might be resulted an increased steric hindrance on the enzyme molecule (Korkut
Ozoner et al., 2010; Bayramoğlu & Yakup Arca, 2008). Moreover, Kobayashi et al. 2005
reported that their results suggested the magnitude of the effect of steric hindrance
depended on the disubstitution of phenol derivatives (Kobayashi et al., 2005). It is the fact
that the enzyme molecules directly bond onto the CNTs, acting as an electron transferring
bridge or a wire, may stabilize the microenvironmental conditions for the desired
electrochemical reaction. Hence, the enzyme was also immobilized chemically to the
composite film of Poly(GMA-co-MTM)/PPy/CNT supported by a conductive copolymer.

Fig. 13. The proposed immobilization mechanism of HRP on Poly(GMA-co-MTM)/PPy/CNT
composite film via the epoxy groups of Poly(GMA-co-MTM) (A) and via the carboxyl
groups of CNTs (B).
4.2.3 Poly(GMA-co-MTM)/PPy/HRP composite film electrode
The typical amperometric responses and the calibration curves of the electrode F are
illustrated in Fig. 14 and Fig. 15, respectively after the addition of successive aliquots of
phenolic compounds at an applied potential of -50 mV under continuous stirring at 600 rpm.
Poly(GMA-co-MTM)/PPy/HRP composite film electrode reached to the steady-state current
of 95% in less than 3 s.
Table 4 summarizes the characteristics of the calibration plots obtained from the currenttime recordings of phenol derivatives. The detection limit ranged between 0.13 and 1.87 µM
for the tested phenol derivatives. The different sensitivities varied between 3-200 nA μM-1
for the tested phenolics can be related to the formation of o-quinones during the enzymatic
reaction. The maximum sensitivity was found to be 200 nA μM-1 for hydroquinone. In
addition to this, 4-methoxyphenol and 4-acetamidophenol showed higher sensitivity than
the other phenolics. This can be dialed with the presence of –OCH3 group of 4-
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methoxyphenol which enhances oxidation of the phenolic by HRP. Due to the strong ability
of electron-donor conjugation of hydroquinone and 4-acetamidophenol, the corresponding
conjugation structure could be easily formed. The higher sensitivity can be attributed to the
favorable microenvironment of the immobilization matrix and enzyme immobilization
procedure, which was performed by both chemical bonding via the epoxy groups and
entrapment during the electropolymerization step. However, the type of the electrode
material played an important role on the value of the sensitivity. Glassy carbon electrodes
(GCEs) have been widely used compared with metal electrodes due to its biocompatibility
with tissue, having low residual current over a wide potential range and minimal
propensity to show a deteriorated response as a result of electrode fouling (Jin et al., 2008).
Recently reported papers have stated that HRP is more compatible with carbon electrode
materials (Santos et al., 2007; Carvalho et al., 2007; Huang et al., 2008). Rabinovich and Lev
have claimed that the response of a phenol biosensor is usually limited by the
electrochemical back reduction of the quinone leading to the diphenolic compound. Carbon
electrode material affects significantly the sensitivity of the biosensor, because the limiting
electrochemical back reduction of the enzymatic products takes place on the grain of the
carbon materials (Rabinovich & Lev, 2001).

Fig. 14. Amperometric response of Poly(GMA-co-MTM)/PPy/HRP composite film electrode
to the successive additions of catechol (A), p-benzoquinone (B), p-cresol (C) and m-cresol (D).
No response was obtained for 2,4-dimethylphenol, as expected, for the one having the orthoposition occupied by a methyl group. Not only o-cresol and 2,4-dimethylphenol but also 2aminophenol, pyrogallol and 2,6-dimethoxyphenol gave no response. The operational
stability of the electrode was monitored for a series of 20 succesive additions of 2 µM
phenolic compounds. High operational stability was observed with relative standard
deviations (RSD) ranging between 2% and 5.1% as seen in Table 4.
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Fig. 15. Calibration curves of Poly(GMA-co-MTM)/PPy/HRP composite film electrode to
increasing phenolic concentrations (initial phenolic concentration is 2 µM).

Analyte
Hydroquinone
Catechol
p-Benzoquinone
2-Chlorophenol
3-Chlorophenol
4-Chlorophenol
2-Aminophenol
Phenol
Guaiacol
2,6-Dimethoxyphenol
4-Acetamidophenol
4-Methoxyphenol
2,4-Dimethylphenol
Pyrogallol
Pyrocatechol
m-Cresol
o-Cresol
p-Cresol

0.99
0.92
0.92
0.97
0.98
0.99

Sensitivity
(nA µM-1)
200
30
30
10
20
60

0.98
0.99

90
10

0.99
0.99

100
100

0.98
0.99

3
10

0.99

20

r

Linear range
(µM)
2-34
2-12
2-10
4-10
2-12
1-34
no response
2-12
2-20
no response
2-30
2-70
no response
no response
2-22
2-88
no response
2-70

LOD
(µM)
0.13
0.87
0.85
1.62
1.31
0.55

%RSD
2.3
4.5
5
4.1
5
2

0.3
1.2

2.1
3.8

0.21
0.25

2.3
3.2

1.87
1.43

2.8
3.8

1.28

5.1

Table 4. Analytical characteristics of Poly(GMA-co-MTM)/PPy/HRP composite film
electrode for various phenolic compounds. Applied potential; -50 mV, 0.1 M phosphate
buffer (pH 7) containing 20 µM hydrogen peroxide.
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5. Conclusion
In this study a series of working electrode was fabricated for the amperometric detection of
different phenolic compounds. For the fabrication of the working electrodes Poly(GMA-coMTM) was synthesized as target spesific regarding to its chemically enzyme immobilization
capacity and electropolymerizable thiophene groups with a conductive polymer such as
polypyrrole. Different electrode designs conducted by using the same polymers of
Poly(GMA-co-MTM) and polypyrrole showed different measurement results for the tested
phenolics due to the differences of enzyme immobilization techniques, film electroactivity
and variety of composite/copolymeric film structures of the fabricated electrodes. Electron
transfer promoting effect of CNTs was distinctly observed for some of the fabricated
electrodes.
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1. Introduction
Synthetic chlorinated organic compounds have been used extensively as herbicides and
pesticides and the contamination of ecosystems with these compounds has stimulated great
interest in investigation of these frequently toxic or bioaccumulatable compounds.
2,4-Dichlorophenoxyacetate (2,4-D), one of these compounds, is a synthetic phytohormone
that has been widely used as a herbicide for controlling broadleaf weeds, and huge amount
of 2,4-D has been released into the environment. 2,4-D is known, on the other hand, to be
susceptible to rapid biological degradation in natural environments, and has been used as a
model for genetic and biochemical study on the chloroaromatic degradation. A number of
its degrading bacteria have been isolated worldwide from a variety of environments and
extensively examined on a molecular basis (Amy et al., 1985; Sinton et al., 1986; Perkins et
al., 1990; Fulthorpe et al., 1992, 1995; Ka et al., 1994; Tonso et al., 1995; Top et al., 1995;
Maltseva et al., 1996; Suwa et al., 1996; Vallaeys et al., 1996; Kamagata et al., 1997; Cavalca et
al., 1999; Laemmli et al., 2000; Itoh et al., 2002). One of the most extensively studied strain is
Ralstonia eutrophus JMP134, which carries a 2,4-D-degrading gene cluster on the
transmissible plasmid pJP4 (Don & Pemberton, 1981; Neilson et al., 1992; Fukumori &
Hausinger, 1993a; Laemmli et al., 2000).
On the other hand, reliable determination of 2,4-D is indispensable to investigate its
biological degradation. A biosensor is a device utilizing a biological sensing element, and a
variety of biosensors for 2,4-D detection have been developed (Table 1). Most of sensors
reported so far, however, can be classified into either immunoassay or immunoenzymatic
assay. They are based on the specific interaction between 2,4-D (antigen) and its antibody.
These biosensors have been demonstrated to show very high sensitivities (e.g. the lower
detection limit of less than 1 μg/L), while these assays are generally said to be somewhat
cumbersome to perform and require considerably expensive reagents. A biosensor based on
the inhibition of catalytic activity of enzyme alkaline phosphatase in the presence of 2,4-D
has been also proposed and a detection limit of 0.5-6 μg/L has been obtained. The enzyme
inhibition effect has been also observed for another pesticide, indicating the analyte
selectivity of the sensor to be not expected. On the other hand, very few attempts have been
made on the biosensor employing microorganisms as the sensing component.
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Bioelement

Transducer

antibody

SPR
electrode
luminometer

Principle / Comment

Reference

immunoassay/ resonance angle

Starodub et al., 2005

affinity sensor /conductance

Hianik et al., 1998,1999

immunoenzymatic assay/

Rubtsova et al., 1997

chemiluminescence
QCM
TIRF fibre
a

electrode

immunoassay/ piezoelectricity

Horacek et al., 1997, 2000

immunoassay/optical

Mosiello et al., 1997

immunoassay/ bi-enzyme amplifier,

Bier et al., 1997

amperometry
electrode

immunoassay/ enzymatic inhibition,

Medyantseva et al., 1997

amperometry
electrode

immunoenzymatic assay/

Trau et al., 1997

amperometry
electrode

immunoenzymatic assay/

Piras et al., 1996

potentiometry
electrode

immunoenzymatic assay/

Skladal et al., 1995

amperometry
electrode

immunoenzymatic assay/

Kalab et al., 1995

amperometry
enzyme

electrode

micro-

O2 electrode

enzymatic inhibition/

Mazzei et al., 2004

amperometry, voltammometry
respiration activity/ A.eutrophus

Beyersdorf-Radeck et al., 1993

organism

(a: total internal reflection fluorescence)

Table 1. Biosensors for 2,4-D analysis.

2. Principle of the present sensor system
2.1 2,4-D degrading microorganisms
As described above, a number of 2,4-D degrading bacteria have been isolated worldwide
from varying environments. Bacteria capable of degrading 2,4-D are of general importance
for the preservation of the environment, and microbial degradation with such bacteria has
been extensively studied as a model for decomposition of hazardous chloroaromatic
compounds (Häggblom,1990, 1992; van der Meer et al., 1992).
A microbial 2,4-D biosensor has been developed by employing a layer of Alcaligenes
eutrophus (Ralstonia eutrophus) JMP134 (Table 1). Concerning to this sensor, the concentration
of 2,4-D has been determined by monitoring the oxygen consumption with an oxygen
electrode since the bacterium requires oxygen for the degradation of the xenobiotic.
However, this approach can be disturbed by the presence of other oxygenases in a microbial
cell.
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Recent physiological and evolutional studies have demonstrated that these 2,4-D-degrading
bacteria could be categorized into three groups (Ka et al., 1994; Kamagata et al., 1997;
Kitagawa et al., 2002; Itoh et al., 2004). Most of the 2,4-D-degrading bacteria isolated from
human-disturbed sites include copiotrophic and fast-growing genera in the β and γ
subdivisions of Proteobacteria, which has been classified as class I 2,4-D degraders. The
degradation pathway of 2,4-D has been extensively characterized with Ralstonia eutrophus
JMP134, one of the class I degraders (Don et al., 1985; Streber et al., 1987; Perkins et al.,
1990). Degradation of 2,4-D in this class of degraders is considered to be initiated by
cleavage of the ether linkage to yield 2,4-dichlorophenol (2,4-DCP), which is then
hydroxylated to 3,5-dichlorocatechol (3,5-DCC), followed by ring cleavage (Fig. 1).
O

COO-

OH

Cl

Cl

2,4-D

OH
Cl

Cl

2,4-DCP

HO

Cl

HOOC
HOOC

Cl

3,5-DCC

Cl

Cl

2,4-Dichloromuconate

Fig. 1. Aerobic degradation pathway of 2,4-D for class I degraders.
2.2 Biosensors detecting metabolic intermediates
It is noteworthy that the phenolic and the catecholic compounds are produced as the first
and the second degradation products, respectively, in the pathway described above, while
these compounds are metabolized finally to carbon dioxide. This implies that the
concentration of 2,4-D might be estimated by determining these intermediates with a
sensing device. Microbial biosensors based on the determination of the metabolic
intermediate have not been reported for 2,4-D, while such a type of whole cell amperometric
biosensors have been reported for p-nitrophenol (Lei et al., 2004; Mulchandani et al., 2005).
A tyrosinase-modified electrode is one of effective transducers for phenols or catechols
detection, for which active studies have been made on the development of highly efficient
tyrosinase electrodes (for example, Notsu & Tatsuma, 2004; Mailley et al., 2004; Stanca &
Popescu, 2004; Gutés et al., 2005; Carralero Sanz et al., 2005; Liu et al., 2005). Developments
of flow injection analysis with tyrosinase electrode have been also attempted (Dall’ Orto et
al., 1999; Li & Tan, 2000; Notsu et al., 2002; Serra et al., 2003).
Then, in the present work a novel biosensor system was constructed with a fixed-bed reactor
packed with immobilized microbes and a tyrosinase-modified graphite electrode. This
sensor system monitors phenolic and catecholic compounds produced in the first two steps
by the microbial degradation of 2,4-D.

3. Construction of sensor system
3.1 Isolation of 2,4-D-degrading bacteria and confirmation of degradation
In order to isolate 2,4-D-degrading bacteria, soil samples were collected from various
environments such as mountains, farmlands, riversides, and industrial areas in Northern
Kyushu. They were mixed with a mineral salt (MS) medium (0.5 g K2HPO4, 0.5 g KH2PO4,
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0.25 g NH4NO3, 0.002 g NaMoO4•2H2O, 0.001 g FeSO4•7H2O, and 0.001 g MnSO4•7H2O per
liter) containing 2,4-D (0.005 g) as the sole carbon source, and enrichment culture was
performed at 30 °C for 7 d. The culture broth was centrifuged, and the concentration of 2,4D in the supernatant was measured using a spectrophotometer at 284 nm and a highperformance liquid chromatography (HPLC) (LaChrom series, Hitachi, Tokyo, Japan). The
culture broths with decreased 2,4-D concentration were then transferred to basal agar plates
containing 2,4-D. Finally, we could obtain 11 isolates. 2,4-D degradation ability of the strains
was confirmed by the decrease in the amount of remaining substrate, which was measured
with HPLC. Identification of the strains was performed by 16S rDNA sequence analysis.
Among them the bacterium identified as Ralstonia sp., which showed relatively high
degradation capability and rapid growth in a medium containing 2,4-D as a sole carbon
source, was employed for the sensor system. The strain was found to have 97% sequence
similarity to Ralstonia sp. JMP134.
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Fig. 2. Time course of 2,4-D concentration (a) and an example of chromatogram (b) obtained
for degradation experiment with cell suspension; reaction time ―: 0 min, ―: 150 min.
The 2,4-D degradation activity of the strain was examined by monitoring the reduction of
the amount of remaining substrate in a culture. The microorganism was grown aerobically
in Luria-Bertani (LB) medium (NaCl, 10; Tryptone, 10; Yeast Extract, 5 g/L) containing 0.10
g/L (0.4 mM) 2,4-D at 30°C for 20 h to a late-exponential phase. The cells were harvested by
centrifugation and washed thoroughly with sterile saline, which was then resuspended in
the same solution. Degradation experiment initiated by transferring a fixed amount of the
cell suspension into MS medium supplemented with 2,4-D (0.10 g/L), was performed at
30°C on a reciprocating shaker. The 2,4-D content was measured periodically with HPLC.
The time course of decrease in 2,4-D concentration and an example of HPLC chromatogram
are shown in Fig. 2(a) and (b), respectively. It is seen that the 2,4-D content decreases
smoothly with increasing the incubation time. Further, a decrease in peak-height for 2,4-D
and an appearance of 2,4-DCP peak were confirmed by comparing the chromatograms
obtained at the incubation time of 0 and 150 min, while variation of the amount of 2,4-DCP
could not be followed accurately since most of their peaks were too small.
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3.2 immobilization of microbes
Silica gel particles (Wako Gel type G, 300-600 μm, Wako Pure Chemical Industries Ltd.,
Tokyo, Japan) were used as the carrier for immobilization of bacteria. LB medium
containing 0.05 g/L 2,4-D was used for cultivation and immobilization. A continuous flow
reactor was constructed with a glass column (13 mmφ × 80 mm) in which silica gel particles
were packed. A sterile medium (100 mL) prepared in a reservoir (250 mL- glass bottle) was
circulated with a peristaltic pump at a flow rate of 1 mL/min, followed by inoculation with
the pre-incubated culture (1 mL). After the incubation at 30°C for 72 h the cells were
harvested and washed thoroughly with 0.1 M sodium phosphate buffer (PBS; pH 7.0). Then,
the immobilized microbes particles were suspended in sterile 0.9 % NaCl solution and
transferred into a centrifuge tube. The immobilized microbes particles thus obtained were
stored in a refrigerator for at least 24 h before use.
3.3 Instrumentation
A schematic diagram of the reactor type biosensor system is illustrated in Fig. 3. The system
consists of a peristaltic pump (model 7553-80, Masterflex, Cole-Parmer Instrument Co.,
Vernon Hills, IL, USA), a sample injector with a 50 μL loop, a 6-way valve, a microbial
reactor, and a flow cell. Two PTFE rotary valves (Rheodyne, Rhonert Park, CA, USA) were
used as the injector and the valve. The 6-way valve was switched to the reactor port when
the response to 2,4-D was measured. On the other hand, the valve was switched to the flow
cell port when the sensitivity of enzyme electrode was checked. The microbial reactor, flow
cell, and carrier reservoir were placed in an incubator maintained at 30°C.
Enlarged schematics of the microbial reactor and the flow cell are illustrated in Figs. 4(a) and
4(b), respectively. The parts of the reactor body were made of a PTFE rod (60 mmφ). Silica
gel particles with immobilized microbes were packed in the cell holder (20 mmφ) and
supported with two pieces of SUS mesh screen. In the present work the cell holders of 3 and
12 mm in height (H) were used. The flow cell was made of a PTFE sheet and a 3 mm- thick
silicone gasket. The cell volume was estimated to be about 0.7 mL. A platinum plate
(20×10×0.5 mm) and an Ag/AgCl electrode (1 mmφ) were used as the auxiliary and the
reference electrode, respectively. The microbial reactor and the flow cell were kept at 30°C in
an incubator.

Microbial
reactor

Carrier reservoir

Waste

Injector

Flow cell
6-way valve

Pump
Incubator

Sample

Fig. 3. Schematic diagram of the 2,4-D sensor system.
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Fig. 4. Schematics of the microbial reactor (a) and the flow cell (b). A: immobilized microbe,
B: glass beads, C: SUS mesh screen, D: immobilized microbes holder.
Graphite electrodes were polished with 0.1 μm alumina powder, and rinsed thoroughly
with deionized water. Then, these electrodes were sonicated in acetone and deionized water
successively, and allowed to dry at room temperature. Tyrosinase (from mushroom, E.C.
1.14.18.1) was purchased from Sigma (St. Louis, MO, USA) and used without further
purification. The enzyme activity was determined by using tyrosine as a substrate. An
enzyme solution was prepared by dissolving 3.0 mg tyrosinase in 1.0 mL PBS (0.1 M; pH
7.0). The 20 μL of the tyrosinase solution (about 36 units) were deposited with a
microsyringe on a graphite electrode surface, and allowed to dry at 4°C. Finally, the 20 μL of
Nafion solution (Sigma-Aldrich, 0.5%) were deposited on the tyrosinase-coated electrode
surface, and allowed to dry at 4°C for an overnight. The enzyme electrodes were stored in
PBS (0.1 M, pH 7.0) at 4°C when not in use.

(a)
Fig. 5. Photographs of the reactor (a) and its parts (b).

(b)

Flow Injection Biosensor System for 2,4-Dichlorophenoxyacetate
Based on a Microbial Reactor and Tyrosinase Modified Electrode

347

3.4 Response measurement
0.1 M PBS (pH 6.0, 6.5, and 7.0) containing 0.1 M NaCl was used as the mobile phase. The
carrier reservoir was hold in an incubator kept at 30°C, and the carrier solution was made to
flow through the system at a constant flow rate. Amperometric measurements for the sensor
system were made by applying a given potential on the working electrode (enzyme
electrode) with a potentiostat (model HECS 318C, Huso Electro Chemical Systems,
Kawasaki, Japan) connected to a personal computer. 2,4-D, 2,4-DCP and 3,5-DCC standard
solutions for flow injection measurements were prepared with the PBS used as the mobile
phase. The microbial reactor was filled with the mobile phase solution employed and left at
30 °C when not used for the measurements.

4. Performance and characteristics of sensor system
4.1 Sensor response of the tyrosinase-modified electrode
The enzyme tyrosinase catalyses two reactions; the hydroxylation of phenols to give catechols
and the oxidation of catechols to o-quinones in the presence of oxygen. The determination
of phenolic compounds with the tyrosinase modified electrodes can be based either on
the electrochemical oxidation of catechols or the electrochemical reduction of quinones.
0.10

Current /μA

(a) 0.05 mM

0.05

0.00
0

10

20

30
time /min

40

50

60

40

50

60

0.10

C urrent /μA

(b) 0.1 m M

0.05

0.00
0

10

20

30
tim e /m in

Fig. 6. Diagrams of amperometric responses obtained with the flow cell for successive
injections of (a) 0.05 mM and (b) 0.1 mM 2,4-DCP (pH 6.5; H = 3 mm; flow rate 1.0 mL/min).
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The oxidation on the electrode occurs at a relatively high potential, while the reduction at a
low potential. Then, effects of the applied potential on the amperometric response for the
tyrosinase electrode were first examined by applying a potential of ±0, +0.2, and +0.5 V (vs.
Ag/AgCl). In this case the microbial reactor was bypassed and the substrate was sent
directly to the flow cell. Consequently, the magnitudes of both the response and the residual
currents were found to be affected seriously by the electrode potential, and the best
sensitivity and baseline stability were obtained at +0.5 V as compared with those at ±0 and
+0.2 V. Then the potential was fixed at +0.5 V and anodic output currents were monitored
throughout the measurements.
Examples of amperometric responses obtained with the tyrosinase-modified electrode for
successive injections of 2,4-DCP standard solutions with PBS (pH 7.0) containing 0.1 M NaCl
as the mobile phase at the applied potential of 0.5 V and the flow rate of 1.0 mL/min are
shown in Fig. 6(a) and 6(b). With an injection of the substrate, as it can be seen, an anodic
peak was obtained as the electrochemical response. Both the peak current (height) and the
peak area were found to increase with the concentration of 2,4-DCP injected. The average
peak area determined for quintuplicate output signals was used to depict the calibration
curve (Fig. 7). It can be seen that there exists not appreciable difference between the
sensitivity for 2,4-DCP and that for 3,5-DCC. The lower detection limit for both compounds
was 0.01 mM.
On the other hand, appreciable response current could not be observed when 1.0 mM 2,4-D
standard solutions injected did not passthrough the microbial reactor and was sent directly
to the tyrosinase electrode. This implies that 2,4-D is not detected electrochemically with the
enzyme-modified electrode and either 2,4-DCP or 3,5-DCP is not significantly contained in
the 2,4-D standard solution as an impurity.
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Fig. 7. Calibration plots for 2,4-DCP (•) and 3,5-DCC (□) determined with the flow cell.
4.2 Performance of 2,4-D biosensor system
The 2,4-D degradation activity of the strain was examined, as described before, using
suspension of Ralstonia sp. in MS medium containing 2,4-D as a sole carbon source. In the
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case of immobilized cells, however, it is necessary to take into account the possibility of
adsorption of the substrate by carrier particles employed for immobilization. Then, a fixedbed reactor was constructed by replacing the glass column (8 mmφ × 50 mm) of the system
utilized for cell immobilization. After the immobilized cells or bare silica gel particles were
packed into the column, a sterile MS medium (100 mL) containing 2,4-D prepared in a
reservoir was circulated at a flow rate of 1.5 mL/min at 30°C for 12 h. The 2,4-D content was
analyzed periodically with HPLC.
The time course of decrease in 2,4-D concentration observed for the immobilized microbial
reactor is shown in Fig. 8. It is seen that 2,4-D is appreciably adsorbed by silica gel particles
and its concentration is reduced to almost one-half its initial value for 12 h. The amount of
adsorbed 2,4-D would decrease when microorganisms are immobilized onto the carrier
particles. In the assay of the culture, on the other hand, the signal of 2,4-DCP could not be
observed in the chromatogram. This may be due to the possibilities of adsorption of 2,4-DCP
by the solid carrier and/or limitation of the detector of HPLC. Moreover, the initial rates of
the decrease in 2,4-D content for both cases could be considered to be almost the same,
suggesting that the degradation and the adsorption of 2,4-D might occur competitively
when the substrate and the immobilized microbe particles come into contact in the reactor.
Then, in order to eliminate the effect of adsorption on the silica gel surface, successive
injections of the substrate was continued until stable response was obtained in the
amperometric measurements.
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Fig. 8. Time course of 2,4-D concentration obtained for the fixed bed reactor packed with
immobilized cells (○) and carrier particles alone (•).
Fig. 9 shows an example of amperometric response obtained with the sensor system
employing Ralstonia sp. for which the immobilized cell holder of 3 mm in height was used.
Using 0.1 M PBS (pH 6.5) containing 0.1 M NaCl as the mobile phase, 1.0 mM 2,4-D was
injected successively at the flow rate of 1.0 mL/min. An anodic peak was observed each
time with an injection of the substrate. It can be also seen not to take more than 10 min for
each measurement. Response current could not be observed, as described before, when the
substrate did not pass through the microbial reactor. This indicates the response of the
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sensor system to be induced by the electrode reaction of electrochemically active substances
such as phenolic and/or catecholic compounds, which could be produced by the microbial
degradation of 2,4-D in the reactor. Then, the average peak area determined for triplicate
output signals was used as the response of the sensor system.
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Fig. 9. Diagram of amperometric response obtained with the sensor system for successive
injections of 2,4-D standard solution (pH 6.5; H = 3mm; flow rate 1.0 mL/min).
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Fig. 10. Effect of the pH of carrier solution on the response of sensor system for 2,4-D; (●) pH
7.0, (□) pH 6.5, (○) pH 6.0 (H = 3 mm; flow rate 1.0 mL/min).
The effect of the pH of mobile phase solution on the response of sensor system was
investigated using carrier solutions of pH 6.0, 6.5 and 7.0. The results are depicted in Fig. 10.
The sensor response can be seen to increase with increasing pH of carrier solution in the
range applied here. It has been reported that 2,4-dichlorophenoxyacetate/α-ketoglutarate
dioxygenase, the enzyme responsible for the first step of degradation pathway for 2,4-D
exhibits maximum activity at pH 6.5-7 (Fukumori & Hausinger, 1993b). On the other hand,
the sensitivity of the tyrosinase-modified electrode for 2,4-DCP has been also observed to
exibit almost the same pH dependence (the data are not shown). The pH dependence of the
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responsibility of present sensor system would result from the synergetic effect of the pH
dependencies of enzyme activities for 2,4-D degradation and product detection.
Effect of the height of immobilized microbes bed on the responsibility of sensor system is
shown in Fig. 11. It is seen that the response obtained by using the bed of 12 mm in height is
considerably enhanced when compared with that observed with the bed of 3 mm in height.
As the immobilized microbes bed becomes higher both the residence time and the amount
of biocatalyst in the reactor increase. It is reasonable that the amount of degradation product
increase with increasing the height of biocatalyst bed. Thus, employment of higher bed in
the reactor is considerably effective to enhance the sensitivity of the sensor system, while it
has been found to require longer time for a measurement (about 20 min at flow rate of
1.0 mL/min).
The flow rate of carrier solution has been also found to considerably affect the sensor
response. Calibration plots obtained by the sensor system for 2,4-D with different flow rates
are shown in Fig. 12. As can be seen from the figure, the sensitivity of the sensor system was
appreciably enhanced by lowering the flow rate. The residence time in the reactor increases
with decreasing the flow rate, which exerts almost the same effect as that of the height of
biocatalyst bed. It is also confirmed that lowering the flow rate enhances the sensitivity of
tyrosinase-modified electrode in the flow cell. The result obtained here is considered to be
induced by combined effects of the flow rate on the reactor and the flow cell. In any event, it
is evident that the sensitivity of sensor system can be improved by making the carrier
solution to flow at a reduced rate, while it takes longer time for a measurement.
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Fig. 11. Effect of the height of immobilized microorganisms bed on the response of sensor
system for 2,4-D (pH 7.0; flow rate 1.0 mL/min).
The sensitivity of the sensor system was found to be almost unchanged during the
measurements for one week when the reactor and the tyrosinase electrode were stored as
described before. The lower detection limit and the detection range at the present state were
0.1 mM and 0.1 – 1 mM, respectively for 2,4-D. There is a possibility, however, that the
sensitivity of the present sensor system can be enhanced by improving the performance of
biocatalyst and/or by applying more effective detection method.
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Fig. 12. Effect of the flow rate of carrier solution on sensitivities of the sensor system for 2,4D; (○) 0.5, (●) 1.0, (□) 2.0 mL/min. (H = 12 mm, pH 7.0).

5. Conclusions
A novel flow-injection biosensor system for 2,4-D detection consisting of the microbial
reactor for substrate degradation and the enzyme electrode for product detection was
demonstrated. The most remarkable feature of the sensor system is to utilize a 2,4-Ddegrading microorganism such as Ralstonia sp. which produces phenolic compounds at
initial stages in the degradation pathway. The 2,4-D degrader was immobilized on silica gel
particles and a fixed-bed bioreactor was constructed. The resulting 2,4-DCP and/or 3,5-DCC
were detected amperometricaly with the tyrosinase-modified electrode. The sensitivity of
the system was found to be considerably affected by pH and the flow rate of carrier
solution. The height of immobilized microorganism bed also exerted reasonable effect on the
responsibility. Although the sensitivity is not high enough for microanalysis at the present
stage, further improvement of the responsibility is possible. The strategy proposed here can
be easily extended to other biosensor development.
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