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Preface

A chemical sensor is a device that transforms the chemical information about a
specific sample component to total composition analysis into an analytically useful
signal. Chemical sensors usually contain two basic components connected in series:
a chemical recognition element (“receptor”) and a physicochemical transducer. The
recognition system translates the chemical information (i.e., concentration of the
analyte) into a chemical or physical output signal. The transducer (i.e., a physical
detection system) serves to transfer the signal from the output domain of the
recognition element to the electrical, optical, or piezoelectric, etc., domain.
A biosensor device is capable of providing specific quantitative analytical infor-
mation using a biological recognition element (e.g., enzymes, antibodies, natural
receptors, cells, etc.), which is retained in direct spatial contact with a transduction
element.

Although sophisticated techniques such as chromatography and spectrometry
provide accurate and conclusive results, screening tests allow a much higher
throughput of samples at a lower cost and with less operator training, so larger
numbers of samples can be analyzed. Biosensors combine a biological recognition
element (e.g., enzyme, antibody, receptor) with a transducer to produce a mea-
surable signal proportional to the extent of interaction between the recognition
element and the analyte compound. The different uses of these devices available
today are extremely varied, with food and environmental analysis as an emerging
and growing application. The advantages offered by biosensors over other screening
methods such as radioimmunoassay, enzyme-linked immunosorbent assay,
fluorescence and luminescence immunoassays, with respect to food and environ-
mental analysis, include automation, improved reproducibility, speed of analysis,
real-time analysis, but most importantly, the main advantage is that the device can
be regenerated and used again, whereas most of the screening methods are only
single-use techniques. The main areas of development common to these groups of
contaminants include multiplexing, the ability to simultaneously analyze a sample
for more than one contaminant, and portability. Biosensors currently have an
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important role in food safety; further advances in the technology, instrumentation,
reagents, and sample handling will surely reinforce this position.

The new biosensor technology has significant technological advantages com-
pared to that of traditional non-sensor-based detection methods. Portable and
handheld biosensors, such as dynamic DNA and protein arrays for rapid and
accurate detection of pathogens, are typical examples of how biosensor technology
can contribute to the defense against bioterrorism. For example, vesicles for use in
biosensors have both high specificity and sensitivity, where the vesicles include a
receptor specific for the intended analyte and a signal generating component.

A large class of chemical and biological sensors were based on the physical
characterization of interfaces. More specifically, electronic (bio)chemical sensing is
often related to the characterization of interfaces between ion- and electron-based
conductive materials by means of electrical variables such as voltage, current, and
charge. Also, recent trends in integrated electronics and the development of nano
technology have started a revolution in the field of biosensors allowing the
shrinking of very complex electronic systems into millimeter square sizes and this
has prompted the development of nanosensors. This would allow implementing
complex and sophisticated instrumentation in cheap and portable devices for fast
detection of harmful and toxic agents.

The aim of this book is to bring into focus this important research area and
advances of biosensors and more specifically those related to the rapid detection of
weapons of bioterrorism. The object is related to present advances in the devel-
opment of portable chemical sensors for the rapid detection of chemical weapons of
terrorism; the scope is related to provide a comprehensive review of the most recent
research topics most pertinent to the advances of devices that can be used for
real-time detections of toxicants such as microbes, pathogens, toxins, nervous gases
such as botinilium toxin, Escherichia coli, K. Pneumoniae, sarin, VX, listeria
monocytogenes, salmonella, marine biotoxins, staphylococcal enterotoxin B, saxi
toxin, gonyautoxin (GTX5), francisella spore virus, bactillus subtilis, ochratoxin.

Biosensors have found a large number of applications in the area of environ-
mental, food, and biomedical analysis. Recent advances include portable devices
for rapid detection of insecticides, pesticides, food hormones, toxins, carcinogenic
compounds in the environment, such as polycyclic biphenols, etc. Despite public
anticipation that biosensors with real-time detection will be able to monitor bio-
logical and chemical weapons, the technology has not caught up with the expec-
tations. Presently, biosensors in environmental monitoring stations nationwide can
detect compounds like anthrax—but detection can take 12–24 h. The best ones on
the market take 20 min. The detection of explosives and especially of biomolecules
is an important part of security and defense activities. Technology has enhanced the
possibility of combining the functions of drugs and explosives through different
biocells in the same analysis module. A testing platform has been developed with a
built-in configuration flexibility that allows it to be used for different applications
such as chemical, explosives, drug, and biological agents detection. The charac-
teristics of detection are determined by the combination of biocells. It is a new
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biosensor technology and helps users to combine a number of different detection
tasks within the same test, without having to reprogram the instrument.

Biosensors have not yet made a large impact in the area of rapid detection of
chemical and biological threats. Biosensors come in thousands of forms and types
based on a wide range of physical and chemical principles with varying types of
usable outputs. However, the field applications of sensors have been adequate. The
diversity of research has been limited mainly to glucose as a mass market. The
drawbacks of chemical sensors can be summarized as follows:

a. They are not robust
b. Insufficient for complex analytes
c. Extra laboratory testing is not possible by non-skilled personnel.

Most reports in the literature have suggested that biosensors were at a
pre-competitive stage, but highlighted the laboratory proof-of-concept. Presently,
we are looking into portable and handheld biosensors, for example, dynamic DNA
and protein arrays for rapid and accurate detection of pathogens. A few challenges
for biothreat detection had high sensitivity—detect very small amounts of patho-
gens, toxins, and chemical agents; high selectivity—discriminate targets from other
materials, massively parallel to detect multiple pathogens, minimize false positive,
have rapid response, without sample preparation, and inexpensive. To have high
spatial resolution, time resolution, selectivity, and sensitivity to chemicals and
biosensors, nanowires and potentiometric measurements were used. Techniques
which in principle give some nanometer resolution of the area where we want to
measure were presented in the literature.

Electrochemical systems based on inhibition of acetylcholinesterase suggest that
the detection of nerve agents can be accomplished with fast speed and sensitivity
down to fetomolar levels. Detection routes using antibodies and DNA provide
many advantages such as high sensitivity of detection, selectivity, and can be used
by non-skilled personnel. A wealth of ideas for portability of the sensors was
recently presented in the literature. Electroanalytical and optical strategies involving
exploiting methods based on the use of immunosensors and genosensors were
presented. The combination of screen-printed electrodes with functionalized mag-
netic beads constitutes a powerful and efficient strategy for the development of
disposable magneto-biosensors for the rapid and ultrasensitive detection of many
analytes of bioterrorism significance. Magnetic micro- and nanoparticles have a
large active surface area which makes possible the immobilization of a high con-
centration of biomolecules onto the solid phase of the transducer as well as a
decrease of matrix effects.

Protein and even cell detection methodologies with interest for various appli-
cations were based on nanotechnology (i.e., nanoparticles, nanochannels).
Nanoparticle-based immunosensing systems were offered as excellent screening
alternatives to sophisticated and high cost equipment that require well-prepared
professionals for their use, including data treatment, prior obtaining of final results
with interest for further decisions taken in analysis/screening scenarios.
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Development of a sensitive and specific biosensor for rapid detection of
microorganisms and protein toxins often requires information about the identity
of the analyte of interest. On the other hand, recent advances in microbiology and
biotechnology have led to the possibility of creating new microorganisms as well as
production of new protein toxins with completely or partially unknown DNA or
protein sequences. Thus, rapid identification of microorganisms and protein toxins
not only enables the detection of the bio-agents but also facilitates the development
of highly portable biosensors for use in the field.

The book is targeted at the development of new routes for construction of
devices for the rapid detection of chemical warfare toxic agents and therefore for
bioterrorism prevention. New trends in methodology are provided, such as
advances in microfluidics, which now offer a realistic means for simplified, prac-
tical handling with the facility for compressing existing analytical platforms in
biosensing. New perspectives for the construction of biosensor devices are
described and include novel routes in the high-throughput screening of toxic pro-
teins using immunochemical tools for the construction of electrochemical, optical,
and piezoelectric DNA biosensors for rapid detection of weapons of bioterrorism.
Recent works with electronic tongues (that is, analytical systems formed by an array
of chemical sensors) featuring high selectivity plus a chemometric tool to process a
complex multivariate data are also presented. As the generic application covered is
related to security, the described systems are those devised to identify and detect
explosive compounds. Magneto-actuated biosensors for bacteria and infectious
diseases affecting global healthcare are also described in the book.

Since the introduction of modern chemical warfare agents (CWAs) at the
beginning of the twentieth century, there has been a continuous interest in the
development of robust and reliable analytical tools for the detection of these agents,
to provide early alarm in case of terroristic attacks, as well as to monitor their
presence in the environment and prevent contamination. Nevertheless, powerful
analytical techniques, including chromatographic methods and mass spectrometry
are not suitable for field applications and fast early warning, due to the lack of
portability, power requirements, long response time, and expensive procedures. In
this context, electrochemical (bio)sensors offer advantages in terms of portability,
high sensitivity, miniaturization, integration, low cost, and power requirements. The
aim of the book is to highlight the important issues of electrochemical (bio)sensors
for fast and cost-effective detection of CWAs in the field, considering the main
advantages and limitations of this technology, and the latest trends in nanotech-
nology, lab-on-chip, and functional materials.

There is a growing demand for rapid and reliable methods of determination of
microorganism contamination of waters and food products to ensure quality
assurance and to improve the healthcare system in general. The majority of the
available analytical methods for determination of microorganisms are
time-consuming and expensive. In recent years, different approaches have been
attempted to develop alternative procedures for determination of microorganisms.
A chapter that summarizes the recent achievements in the development of synthetic
recognition systems-based devices for monitoring the presence of bacteria,
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bacteriophages, and viruses, in water and food products is included herein.
Molecular imprinting has been most successful in devising relevant synthetic
receptors. Application of these recognition systems for determination of microor-
ganisms is described in the present book in detail.

A chapter that is devoted to construction of the immune optical, calorimetric, and
piezoelectric biosensors for detection and control of toxic agents such as pesticides,
nonylethoxylates, mycotoxins: T2, aflatoxins, patulin, etc., is included. Special
attention is given to methods for control of genotoxicity. Cell biosensors are con-
sidered as possible types of chemical sensors and their integration into sensor
elements is investigated. In general, sensitivity in the field of application of the
existing approaches for the control of total toxicity and genotoxicity are thoroughly
described.

Due to the structural complexity of marine toxins and the difficulty to produce
the corresponding biorecognition molecules, the development of assays and
biosensors for their detection has become a challenge. Compared to traditional
detection techniques, biosensors can provide advantages in terms of sensitivity,
specificity, design versatility, portability, and multiplexed configurations. A chapter
that provides a critical overview of the immunosensors, receptor-based biosensors,
cell-based biosensors, and aptasensors developed for the detection of palytoxins
(PlTXs), brevetoxins (PbTXs), and tetrodotoxins (TTXs) is included. Although
only few biosensors for these emerging marine toxins have been described to date,
the chapter reflects the promising advances made in this field.

Aptamers are defined as a new generation of nucleic acids which have recently
presented promising specifications over antibodies. They can be produced in vitro
by Systematic Evolution of Ligands by EXponential Enrichment (SELEX), and
have the ability to recognize selectively and sensitively their targets (protein, toxin,
drug, or cell). Thus, they have a wide range of applications in different areas, such
as drug delivery, imaging, and biosensing. Accordingly, an increasing number of
studies related to aptamer-based sensors “aptasensors” have been introduced in the
literature. The recent studies on development of aptasensor technologies, which
were applied for toxin detection, have been overviewed.

Mycotoxins such as ochratoxin A and aflatoxins are dangerous food contami-
nants that usually occur in trace amounts from nanograms to micrograms per gram
of food. Therefore, highly sensitive methods are necessary for their detection.
Conventional analytical methods such as high-performance liquid chromatography
(HPLC) and mass spectroscopy are expensive and time-consuming, therefore
biosensor technology is promising for rapid detection of toxicants in the field
conditions. Among biosensors, those based on monoclonal antibodies and
DNA/RNA aptamers are of special interest, because they provide sensitivity of
detection that is better than allowable quantities of toxicants in food. While anti-
bodies are traditional receptors in biosensors, aptamers are novel biopolymers with
affinity comparable to that of antibodies. However in contrast to antibodies, apta-
mers are more stable and the biosensors based on aptamers can be regenerated,
allowing their multiple use. A contribution reviews the recent achievements in
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development of aptamer-based biosensors for detection of selected mycotoxins by
electrochemical and acoustic methods.

Recent developments of analytical strategies for determination of potentially
hazardous adulterants and allergens achieved to date are presented in the book,
highlighting the general considerations and potential prospects for the future. The
variety of electrochemical biosensors that have appeared in recent years shows that
it is a booming research area with still many challenges, but also great opportunities
to develop sensitive, reliable, robust, and cost-effective allergens and adulterants
biosensing methodologies.

There is an urgent need for the development of fast and reliable sensors for
detection of most toxic compounds that are formed in natural and industrial pro-
cesses and can have severe consequences on human health. Among many other
species, inhibitors of acetylcholinesterase are the focus of many investigations due
to a variety of chemical structures and large scale of industrial production. Some
anticholinesterase agents, e.g., sarin, soman, and VX gas, were specially developed
as chemical warfare with extremely low toxic exposures and lethal consequences
for the soldiers and the civil population. Although the accumulated stockpiles of
chemical weapons are mostly destructed following the Chemical Weapons
Convention, some incidents related to the use of anticholinesterase agents have
been reported during the civil wars in Iraq and Syria. The use of homemade sarin in
Tokyo subway by Aum Shinrikyo in 1995 is the most known incident related to
nerve gases after the Second World War. Meanwhile, threats related to the pro-
duction and application of anticholinesterase agents by terrorists exist up till today.
In addition to chemical warfare, organophosphorus and carbamate pesticides irre-
versibly inhibit cholinesterase activity and can cause poisoning of agriculture
workers and contamination of some foodstuffs. These hazards call for further efforts
in the development of appropriate biosensors devoted to detection of anti-
cholinesterase agents in the levels allowing the use of personal protection equip-
ment and hence decrease in the number of potential victims. In this review, progress
in the detection of anticholinesterase species based on biosensing technologies is
considered with particular emphasis on the results obtained within the past 10 years.

Recently, the diagnosis and treatment of a poisoned person can be done only in
specialized centers. Furthermore, currently used clinical methods of intoxication
diagnosis are not sufficient for early detection. Conventional laboratory tests based
on urine and blood require professional, high-skilled staff, and high cost-equipment
as they are arduous and lasting analytical procedures. There is a need to elaborate
relatively cheap and easy to use tests, which can simplify and shorten the process of
diagnosis of intoxicated patients as well as simplify monitoring of patients from
high-risk groups (firemen, miners, security, policemen, soldiers, etc.) having con-
tact with toxic gases. A chapter of the book is focused on novel, early detection
sensors for rapid diagnostics of environmental toxicity in the blood of people
intoxicated with carbon monoxide.

This book brings together expert scientists with large experience in biosensor
technology, some well-recognized environmental analytical chemists, institutes that
have large experience in validation, testing, and measurements. A large number of
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scientists with previous exciting achievements in constructing novel biosensors are
authors in the present book. Stimulated paragraphs are focused toward achieve-
ments to the construction and application of biosensors to directly monitor toxic
agents (i.e., in the field) and set targets for the future development of such devices
having pronounced advantages, e.g., portability, cost-effective, real-time, fast
response times, etc. Such developments will lead to rapid (near real-time), low cost
devices for in situ monitoring of toxic weapons of bioterrorism. It would also serve
to solve many problems of detection of analytes that cannot either be detected with
the existing instrumentation or due to the high cost of this instrumentation.

The volume brings together contributions from the most eminent international
researchers in the field, covering various aspects of work that have not been pub-
lished in many scientific journals beyond the “state of art” in this field or even
commercial units that are available in the market. Very low detection limits, e.g.,
10−17 M are reported and novel detection schemes for existing or new pathogens,
toxins, and other bioterrorism weapons are presented. Inexpensive, robust, portable
miniaturized highly selective biosensing systems that were able to detect multi
pathogens without sample preparation are the targets of the present review articles;
this will give the opportunity to learn new technological schemes that will lead to
the construction of devices against bioterrorism that will minimize the risk of
weapons of terrorism.

Work on rapid identification of microorganisms and protein toxins by pro-
teomics is an issue that is well presented and the participants of the volume have the
opportunity to present their techniques on how to bind the transduction element into
the physical sensor unit. Novel techniques of transduction such as nanowiring,
nanoparticles, or molecular imprinted polymers are presented and some of these
transducers are able to be implanted in the human body. Target analytes detected
include a wide range of microbes, pathogens, toxins, nervous gases such as
botinilium toxin, Escherichia coli, K. Pneumoniae, sarin, VX, listeria monocyto-
genes, salmonella, marine biotoxins (such as palitoxins, spirolides, etc), staphylo-
coccal enterotoxin B, saxitoxin, gonyautoxin (GTX5), francisella spore virus,
bactillus subtilis, ochratoxin A, cholera toxin, etc. Emphasis is given to the
simultaneous analysis of multiple species screen-printed low density microelectrode
arrays that were used to develop genosensors to detect Salmonella SSP and
staphylococcus aureus. Scanning electrochemical microscopy is used to monitor
listeria monocytogenes. Chemical transduction biological elements acting as “re-
ceptor” such as antibodies, enzymes, DNA, RNA, lipids, natural, and artificial
receptors were immobilized on the physical sensor to recognize the target analyte.

In preparing the book, we have relied on the timely contribution of authors and
without their motivation and commitment the publication of this volume would not
have been possible. We, thus, extend appreciation to all the authors. We also
convey our thanks to Springer for affording us the opportunity to publish this
volume.

Athens Dimitrios P. Nikolelis
2015 Georgia-Paraskevi Nikoleli
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Biosensors for Security and Bioterrorism:
Definitions, History, Types of Agents,
New Trends and Applications

Georgia-Paraskevi Nikoleli, Stephanos Karapetis,
Spyridoula Bratakou, Dimitrios P. Nikolelis, Nikolaos Tzamtzis,
Vasilios N. Psychoyios and Nikolas Psaroudakis

Abstract Biosensors are making a large impact in environmental, food, biomed-
ical, and in many other applications. They provide many advantages. in comparison
to standard analytical detection methods (i.e., chromatographic techniques) such as
minimal sample preparation and handling, faster time analysis, simpler steps of
analysis, rapid detection of the analytes of concern, use of non-skilled personnel,
and portability for uses in the field applications. The aim of this chapter is to focus
on novel research related to the rapid detection of agents and weapons of bioter-
rorism and provide a comprehensive review of the research topics most pertinent to
advancing devices applicable to the rapid real-time detection of toxicants and
bioterrorism weapons such as microbes, pathogens, toxins, virus, or nerve gases.
The ongoing war on terrorism and the rising security concerns are driving the need
for newer faster biosensing devices against bio-warfare agents for both military and
civil defense applications. Readers of these review article will learn new schemes of
biological weapons that can lead to the construction of devices that will minimize
the risk of bio-terrorism.
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1 Introduction

Recent events have made public health officials acutely aware of the importance to
rapidly and accurately detect bioterrorism. Because bioterrorism is difficult to
predict or prevent, reliable platforms to rapidly detect and identify bioterrorism
agents are important in order to minimize the spread and wide use of these agents
and to protect the public health. These platforms must be sensitive, specific, and
must also be able to accurately detect a variety of pathogens, including modified or
previously uncharacterized agents, directly from complex sample matrices. Recent
developments in laboratory prototype devices have been evaluated and were
commercialized. Various commercial tests that utilize biochemical, immunological,
nucleic acid, and bioluminescence procedures are currently available to identify
biological threat agents. Recent developed tests identify bioterrorism agents using
DNA aptamers, biochips, evanescent wave biosensors, cantilevers, living cells, and
other innovative technologies. This review describes current and developing tech-
nologies against bioterrorism and considers challenges to rapid, accurate detect
biothreat agents. Although there is no ideal platform, many of these technologies
have proved valuable for the detection and identification of bioterrorism agents.

Various tests have been developed to detect and identify biothreat agents. Some
of these tests were available before 11 September 2001; other tests have been
developed since that time. Although many of these technologies claim to be rapid,
accurate, and reliable, few have been evaluated under field conditions for portable
uses by non-skilled personnel. This review describes documented current and
developing technologies for detection and identification of bioterrorism weapons
and addresses the challenges associated with detection in complex sample matrices.

2 Definitions

A bioterrorism attack is the deliberate release of viruses, bacteria, toxins or other
harmful agents used to cause illness or death in people, animals, or plants. These
agents are typically found in nature, but it is possible that they could be mutated or
altered to increase their ability to cause disease, make them resistant to current
medicines, or to increase their ability to be spread around the environment.
Biological agents can be spread through the air, water, or in food. Terrorists tend to
use biological agents because they are extremely difficult to detect and do not cause
illness for several hours to several days. Some bioterrorism agents, like the
smallpox virus, can be spread from person to person and some, like anthrax, cannot.

Bioterrorism is an attractive weapon because the toxicants are relatively easy and
inexpensive to obtain, can be easily disseminated, and can cause widespread fear
and panic beyond the actual physical damage. Military leaders, however, have
learned that, as a military asset, bioterrorism has some important limitations; it is
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difficult to employ a biological weapon in a way that only the enemy is affected and
not friendly forces. A biological weapon is useful to terrorists mainly as a method
of creating mass panic and disruption to a state or a country. However, technolo-
gists have warned of the potential power which genetic engineering might place in
the hands of future bio-terrorists.

3 History

There have been many reviews written regarding the history, theory, and use of
bioterrorism, biothreats, biological weapons, and biological warfare from the 14th
century to today. The reader is referred to the following for additional information:
Atlas [1], Christopher et al. [2], Hawley and Eitzen [3], Heden [4], Klietmann and
Ruoff [5], van Courtland Moon [6], and Tucker [7].

The era of biological weapons was significantly advanced in the 20th century by
modern microbiology and multiple international wars. The biological and chemical
horrors inflicted during World War I resulted in the drafting of the 1925 Geneva
Protocol for the Prohibition of the Use in War of Asphyxiating, Poisonous or Other
Gases and of Bacteriological Methods of Warfare. However, many countries that
signed the document did so with contingencies in the event of attack by a non-
ratifying entity and with the stipulation that the protocol did not prevent inves-
tigative research.

Subsequently, Germany, Japan, the Union of Soviet Socialist Republics, and the
United States initiated research programs to eliminate the threats of biological
weapons [2]. In 1969, under President Richard M. Nixon, the United States began
dismantling its offensive biological weapon programs. Henceforth, all biothreat
agent research programs in the United States were of a defensive nature, and the
1972 Geneva Convention on the Prohibition of the Development, Production, and
Stockpiling of Bacteriological and Toxin Weapons and on Their Destruction was
developed and ratified. However, several countries that signed the convention
(notably the Union of Soviet Socialist Republics and Iraq) continued offensive
research and production of biological agents as recently as the mid-1990s.
Additionally, there have been increasingly more subnational terrorist and radical
groups that have independently worked on offensive use of biological weapons
since the mid-1980s to today [7].

3.1 20th Century

By the time World War I began, attempts to use anthrax were directed at animal
populations. Shortly after the start of World War I, Germany launched a biological
sabotage campaign in the United States, Russia, Romania, and France. Anton
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Dilger was sent to the United States in 1915 carrying cultures of glanders, a virulent
disease of horses and mules. Dilger set up a laboratory in his house. He used
stevedores working in the docks in Baltimore to infect horses with glanders while
they were waiting to be shipped to Britain. Dilger was under suspicion as being a
German agent, but was never arrested. Dilger eventually fled to Madrid, Spain,
where he died during the Influenza Pandemic of 1918. In 1916, the Russians
arrested a German agent with similar intentions. Germany and its allies infected
French cavalry horses and many of Russia’s mules and horses on the Eastern Front.
These actions hindered artillery and troop movements, as well as supply convoys.

In Oregon in 1984, followers of the Bhagwan Shree Rajneesh attempted to
control a local election by incapacitating the local population. This was done by
infecting salad bars in 11 restaurants, produced in grocery stores, doorknobs, and
other public domains with Salmonella typhimurium bacteria in the city of The
Dalles, Oregon. The attack infected 751 people with severe food poisoning. There
were no fatalities. This incident was the first known bioterrorist attack in the United
States in the 20th century.

In June 1993 the religious group Aum Shinrikyo released anthrax in Tokyo.
Eyewitnesses reported a foul odor. The attack was a total failure, infecting not a
single person. The reason for this, ironically, is that the group used the vaccine
strain of the bacterium. The spores recovered from the attack showed that they were
identical to an anthrax vaccine strain given to animals at the time. These vaccine
strains are missing the genes that cause a symptomatic response.

3.2 21st Century

2001—USA and Chile—Anthrax Attacks: In September and October 2001, several
cases of anthrax broke out in the United States in the 2001 anthrax attacks,
apparently caused deliberately. Letters laced with infectious anthrax were concur-
rently delivered to news media offices and the U.S Congress, alongside an
ambiguously related case in Chile. The letters killed 5 people.

4 Types of Agents

4.1 Category A

These high-priority agents pose a risk to national security, can be easily transmitted
and disseminated, result in high mortality, have potential major public health impact,
may cause public panic, or require special action for public health preparedness.
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4.1.1 Anthrax

Anthrax is a non-contagious disease caused by the spore-forming bacterium
Bacillus anthracis. An anthrax vaccine does exist but requires many injections for
stable use. When discovered early anthrax can be cured by administering antibiotics
(such as ciprofloxacin).

4.1.2 Smallpox

Smallpox is a highly contagious virus. It is transmitted easily through the atmo-
sphere and has a high mortality rate (20-40 %). Smallpox was eradicated in the
world in the 1970s, thanks to a worldwide vaccination program. However, some
virus samples are still available in Russian and American laboratories. Some
believe that after the collapse of the Soviet Union, cultures of smallpox have
become available in other countries. Although people born pre-1970 would have
been vaccinated for smallpox under the WHO program, the effectiveness of vac-
cination is limited since the vaccine provides high level of immunity for only 3 to
5 years. Revaccination’s protection lasts longer. As a biological weapon smallpox is
dangerous because of the highly contagious nature of both the infected and their
pox. Also, the infrequency with which vaccines are administered among the general
population since the eradication of the disease would leave most people unprotected
in the event of an outbreak. Smallpox occurs only in humans, and has no external
hosts or vectors.

4.1.3 Botulinum Toxin

Botulinum toxin is one of the deadliest toxins known, and is produced by the
bacterium Clostridium botulinum. Botulism causes death by respiratory failure and
paralysis. Furthermore, the toxin is readily available worldwide due to its cosmetic
applications in injections.

4.1.4 Bubonic Plague

Plague is a disease caused by the Yersinia pestis bacterium. Rodents are the normal
host of plague, and the disease is transmitted to humans by flea bites and occa-
sionally by aerosol in the form of pneumonic plague. The disease has a history of
use in biological warfare dating back many centuries, and is considered a threat due
to its ease of culture and ability to remain in circulation among local rodents for a
long period of time. The weaponized threat comes mainly in the form of pneumonic
plague (infection by inhalation).
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4.1.5 Viral Hemorrhagic Fevers

This includes hemorrhagic fevers caused by the Filoviridae (Marburg and Ebola),
and by the Arenaviridae (for example the Lassa fever and the Bolivian hemorrhagic
fever). Ebola has fatality rates ranging from 50-90 %. No cure currently exists,
although vaccines are in development. Death from Ebola is commonly due to
multiple organ failure and hypovolemic shock. Marburg was first discovered in
Marburg, Germany. No treatments currently exist aside from supportive care. The
arenaviruses have a greatly reduced fatality rate, but a larger presence, chiefly in
central Africa and South America.

4.1.6 Tularemia

Tularemia, or rabbit fever, has a very low fatality rate if treated, but can severely
incapacitate. The disease is caused by the Francisella tularensis bacterium, and can
be contracted through contact with the fur, inhalation, or ingestion of contaminated
water or insect bites.

4.2 Category B

Category B agents are moderately easy to disseminate and have low mortality rates.

• Brucellosis (Brucella species)
• Epsilon toxin of Clostridium perfringens
• Food safety threats (e.g., Salmonella species, E. coli O157:H7, Staphylococcus

aureus)
• Psittacosis
• Q fever
• Staphylococcal enterotoxin B
• Typhus (Rickettsia prowazekii)
• Viral encephalitis
• Water supply threats (e.g., Cryptosporidium parvum)

4.3 Category C

Category C agents are emerging pathogens that might be engineered for mass
dissemination because of availability, easy to produce and disseminate, or may
possess high mortality or a major health impact.
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Typical category C agents are;

• Nipah virus
• Hantavirus
• SARS
• H1N1 a strain of influenza (flu)
• HIV/AIDS

5 Recent Advances of Biosensors for the Rapid
Detection of Weapons of Terrorism

Recent biological terrorism threats and outbreaks of microbial pathogens clearly
emphasize the need for biosensors that can quickly and accurately identify infec-
tious agents. The majority of rapid biosensors generate detectable signals when a
molecular probe in the detector interacts with an analyte of interest. Analytes may
be whole bacterial or fungal cells, virus particles, or specific molecules, such as
chemicals or protein toxins, produced by the infectious agent. Peptides and nucleic
acids are most commonly used as probes in biosensors because of their versatility in
forming various tertiary structures. The interaction between the probe and the
analyte can be detected by various sensor platforms, including quartz crystal
microbalances, surface acoustical waves, surface plasmon resonance, amperomet-
rics, and magnetoelastics. The field of biosensors is constantly evolving to develop
devices that have higher sensitivity and specificity, and are smaller, portable, and
cost-effective. The present article describes recent advances in biosensors for
applications in the rapid detection of bioterrorism weapons.

Although biosensors are exhibiting double-digit growth rates, they still have to
overcome a number of challenges, including the following:

• New research focus less into fundamental research due to impeding introduction
of newer applications

• Development of a single biosensor platform with multi-purpose diagnostics
capability has restricted biosensor applications

• Numerous problems encountered in successful commercialization of biosensors
have encouraged conservative development strategies

• Competition from non-biosensor technologies has hindered revenue growths
• Low rate of technology transfer and lower level of development has deterred the

development newer biosensors

Given the current zeitgeist, the market thrust has shifted to biosensors’ security
capabilities amid the hot topic of biowarfare. A recent report from market research
firm In-Stat revealed that the media spotlight on this application may be premature:
Despite the public’s anticipation that biosensors with real-time detection will be
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able to monitor biological and chemical weapons, the technology hasn’t caught up
with expectations. Presently, biosensors in environmental monitoring stations
nationwide can detect compounds like anthrax—but detection can take 12–24 h.

6 Planning and Response

Planning may involve the development of biological identification systems. Until
recently, most biological defense strategies have been geared to protecting soldiers
on the battlefield rather than ordinary people in cities. Financial cutbacks have
limited the tracking of disease outbreaks. Some outbreaks, such as food poisoning
due to E. coli or Salmonella, could be of either natural or deliberate origin.

6.1 Preparedness

Biological agents are relatively easy to obtain by terrorists and are becoming more
threatening, and laboratories are working on advanced detection systems to provide
early warning, identify contaminated areas and populations at risk, and to facilitate
prompt treatment. Methods for predicting the use of biological agents in urban areas
as well as assessing the area for the hazards associated with a biological attack are
being established in major cities. In addition, forensic technologies are working on
identifying biological agents, their geographical origins and/or their initial source.
Efforts include decontamination technologies to restore facilities without causing
additional environmental concerns.

Early detection and rapid response to bioterrorism depend on close cooperation
between public health authorities and law enforcement; however, such cooperation
is currently lacking. National detection assets and vaccine stockpiles are not useful
if local and state officials do not have access to them.

6.2 Aspects of Protection Against Bioterrorism Mainly
in the US Include

• Detection and resilience strategies in combating bioterrorism. This occurs
primarily through the efforts of the Office of Health Affairs (OHA), a part of the
Department of Homeland Security (DHS), whose role is to prepare for an
emergency situation that impacts the health of the American populace. Detection
has two primary technological factors. First there is OHA’s BioWatch program
in which collection devices are disseminated to thirty high risk areas throughout
the country to detect the presence of aerosolized biological agents before
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symptoms present in patients [8]. This is significant primarily because it allows
a more proactive response to a disease outbreak rather than the more passive
treatment of the past.

• Implementation of the Generation-3 automated detection system. This
advancement is significant simply because it enables action to be taken in four to
six hours due to its automatic response system, whereas the previous system
required aerosol detectors to be manually transported to laboratories [8].
Resilience is a multifaceted issue as well, as addressed by OHA. One way in
which this is ensured is through exercises that establish preparedness; programs
like the Anthrax Response Exercise Series exist to ensure that, regardless of the
incident, all emergency personnel will be aware of the role they must fill.
Moreover, by providing information and education to public leaders, emergency
medical services and all employees of the DHS, OHS suggests that it can
significantly decrease the impact of bioterrorism [8].

• Enhancing the technological capabilities of first responders. This is
accomplished through numerous strategies. The first of these strategies was
developed by the Science and Technology Directorate (S&T) of DHS to ensure
that the danger of suspicious powders could be effectively assessed, (as many
dangerous biological agents such as anthrax exist as a white powder). By testing
the accuracy and specificity of commercially available systems used by first
responders, the hope is that all biologically harmful powders can be rendered
ineffective.

• Enhanced equipment for first responders. One recent advancement is the
commercialization of a new form of Tyvex™ armor which protects the first
responders and patients from chemical and biological contaminants. There has
also been a new generation of Self-Contained Breathing Apparatuses (SCBA)
which has been recently made more robust against bioterrorism agents. All of
these technologies combine to form what seems like a relatively strong deterrent
to bioterrorism. However, New York City as an entity has numerous organi-
zations and strategies that effectively serve to deter and respond to bioterrorism
as it comes. From here the logical progression is into the realm of New York
City’s specific strategies to prevent bioterrorism.

• BioShield The accrual of vaccines and treatments for potential biological
threats, also known as medical countermeasures has been an important aspect in
preparing for a potential bioterrorist attack; this took the form of a program
beginning in 2004, referred to as Project BioShield. The significance of this
program should not be overlooked as there is currently enough smallpox vaccine
to inoculate every United States citizen and a variety of therapeutic drugs to treat
the infected. The Department of Defense also has a variety of laboratories
currently working to increase the quantity and efficacy of countermeasures that
comprise the national stockpile [9]. Efforts have also been taken to ensure that
these medical countermeasures are able to be disseminated effectively in the
event of a bioterrorist attack. The National Association of Chain Drug Stores
championed this cause by encouraging the participation of the private sector in
improving distribution of such countermeasures if required [9].
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On a CNN news broadcast in 2011, the CNN chief medical correspondent,
Dr. Sanjay Gupta, weighed in on the American government’s recent approach to
bioterrorist threats. He explains how, even though the United States would be better
fending off bioterrorist attacks now than they would be a decade ago, the amount of
money available to fight bioterrorism over the last three years has begun to
decrease. Looking at a detailed report that examined the funding decrease for
bioterrorism in fifty-one American cities, Dr. Gupta stated that the cities “wouldn’t
be able to distribute vaccines as well” and “wouldn’t be able to track viruses”. He
went on to say that movie portrayals of global pandemics, such as Contagion, were
actually quite possible and may occur in the United States under the right
conditions.

A news broadcast by MSNBC in 2010 also stressed the low levels of bioter-
rorism preparedness in the United States. The broadcast stated that a bipartisan
report gave the Obama administration a failing grade for its efforts to respond to a
bioterrorist attack. The news broadcast invited the former New York City police
commissioner, Howard Safir, to explain how the government would fare in com-
bating such an attack. He said how “biological and chemical weapons are probable
and relatively easy to disperse”. Furthermore, Safir thought that efficiency in
bioterrorism preparedness is not necessarily a question of money, but is instead
dependent on putting resources in the right places. The broadcast suggested that the
nation was not ready for something more serious.

6.3 Biosurveillance

In 1999, the University of Pittsburgh’s Center for Biomedical Informatics deployed
the first automated bioterrorism detection system, called RODS (Real-Time
Outbreak Disease Surveillance). RODS is designed to collect data from many data
sources and use them to perform signal detection, that is, to detect a possible
bioterrorism event at the earliest possible moment. RODS, and other systems like it,
collect data from sources including clinic data, laboratory data, and data from
over-the-counter drug sales [10]. In 2000, Michael Wagner, the Codirector of the
RODS laboratory, conceived the idea of obtaining live data feeds from
“non-traditional” (non-health-care) data sources. The RODS laboratory’s first
efforts eventually led to the establishment of the National Retail Data Monitor, a
system which collects data from 20,000 retail locations nationwide [10].

The principles and practices of biosurveillance, a new interdisciplinary science,
were defined and described in the Handbook of Biosurveillance, edited by Michael
Wagner, Andrew Moore and Ron Aryel, and published in 2006. Biosurveillance is
the science of real-time disease outbreak detection. Its principles apply to both
natural and man-made epidemics (bioterrorism).

Data which potentially could assist in early detection of a bioterrorism event
include many categories of information. Health-related data such as that from
hospital computer systems, clinical laboratories, electronic health record systems,
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medical examiner record-keeping systems, 911 call center computers, and veteri-
nary medical record systems could be of help; researchers are also considering the
utility of data generated by ranching and feedlot operations, food processors,
drinking water systems, school attendance recording, and physiologic monitors,
among others. Intuitively, one would expect systems which collect more than one
type of data to be more useful than systems which collect only one type of infor-
mation (such as single-purpose laboratory or 911 call-center based systems), and be
less prone to false alarms, and this appears to be the case.

In Europe, disease surveillance is beginning to be organized on the
continent-wide scale needed to track a biological emergency. The system not only
monitors infected persons, but attempts to discern the origin of the outbreak.

Researchers are experimenting with devices to detect the existence of a threat:

• Tiny electronic chips that would contain living nerve cells to warn of the
presence of bacterial toxins (identification of broad range toxins)

• Fiber-optic tubes lined with antibodies coupled to light-emitting molecules
(identification of specific pathogens, such as anthrax, botulinum, ricin)

New research shows that ultraviolet avalanche photodiodes offer a high gain,
reliability and robustness needed to detect anthrax and other bioterrorism agents in
the air. The fabrication methods and device characteristics were described at the
50th Electronic Materials Conference in Santa Barbara on June 25, 2008. Details of
the photodiodes were also published in the February 14, 2008 issue of the journal
Electronics Letters and the November 2007 issue of the journal IEEE Photonics
Technology Letters [11].

6.4 Response to Bioterrorism Incident or Threat

Government agencies which would be called on to respond to a bioterrorism
incident would include law enforcement, hazardous materials/decontamination
units and emergency medical units, if they exist.

The US military has specialized units, which can respond to a bioterrorism event;
among them are the United States Marine Corps’ Chemical Biological Incident
Response Force and the U.S. Army’s 20th Support Command (CBRNE), which can
detect, identify, and neutralize threats, and decontaminate victims exposed to
bioterror agents. US response would include the Center for Disease Control.

Historically, governments and authorities have relied on quarantines to protect
their populations. International bodies such as the World Health Organization
already devoted some of their resources to monitoring epidemics and have served
clearing-house roles in historical epidemics.

Media attention toward the seriousness of biological attacks increased in
2013-2014. In July 2013, Forbes published an article with the title “Bioterrorism: A
Dirty Little Threat With Huge Potential Consequences” [12]. In November 2013,
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Fox News reported on a new strain of botulism, saying that the Centers for Disease
and Control lists botulism as one of two agents that have “the highest risks of
mortality and morbidity”, noting that there is no antidote for botulism [13]. USA
Today reported that the U.S. military in November was trying to develop a vaccine
to protect troops from the bacteria that cause the disease Q fever, an agent the
military once used as a biological weapon.

7 Conclusions

This review has attempted to provide a survey of commercially available and
developing technologies for biothreat agent detection. Only technologies that have
been evaluated and published have been included. Many other technologies have
not been included because insufficient published data were available to ascertain
their accuracy and reliability. While an ideal platform has yet to be developed,
many of the systems described in this review have proved invaluable in rapidly and
accurately identifying biothreat agents. Although the risk of bioterrorism remains,
detection technologies will continue to be improved to meet the challenges of this
threat.

Security and biodefense is emerging as a strong market for new applications.
The new biosensor technology has significant technological advantages when
compared to that of the traditional detection methods; for example, vesicles for use
in biosensors have both high specificity and high sensitivity (where the vesicles
include a receptor specific for the intended analyte and a signal generating
component).

We are looking into portable and handheld biosensors, for example, such as
dynamic DNA and Protein Arrays for rapid and accurate detection of pathogens.
Bioweapons are extremely damaging and efficient. Progress of biotechnology opens
also new routes for weaponizing pathogens.

Challenges for biothreat detection are:

1. High sensitive—detect very small amounts of pathogens, toxins, and chemical
agents.

2. Highly selective—discriminate targets from other materials
3. Massively parallel to detect multiple pathogens, minimize false positive, have

rapid response, without sample preparation
4. Transportable or handheld, robust, simple to operate
5. Inexpensive
6. Adaptable to new biothreats, integrated chemical-biosensor
7. and finally allow the detection of single molecules.

Targets to achieve are:

1. Single RNA molecule detection.
2. Real-time monitoring of RNA hybridization at single molecule level.
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3. Real-time monitoring of protein binding to aptamers at single molecule level.
4. Hybridization of synthetic target DNA with anti-anthrax.
5. Selectivity of protein detection, i.e., selectivity of human thrombin detection by

anti-thrombin aptamers.
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Microfluidics a Potent Route to Sample
Delivery for Non-intrusive Sensors

George Kyriacou, Hong Chang, Joseph Gargiuli, Ajay Agarwal
and Pankaj Vadgama

Abstract Biosensors offer wide opportunities for threat agent analysis, but prac-
tical analytical systems require these sensors to be integrated with pre- and post
analytical steps to enable simplified, seamless operation. Perhaps the most impor-
tant of these steps relates to sample handling and presentation. Advances in
microfluidics now offer a realistic means for simplified, practical handling with the
facility for compressing existing analytical platforms in biosensing. Small volume
handling can not only allow for miniaturisation, but flow at this scale enables a
different type of flow profile and the a facility for direct liquid-liquid exchange.
Basic flow principles in microflow are presented followed by a description of
aqueous/organic flows and how they cab be used both for solute partitioning and
in situ membrane formation. The potential value of miniaturised separation mem-
branes is described, including for sample cleanup, handling and biosensor protec-
tion. Finally, examples of sensor integration into microfluidic structures are given as
pointer towards future developments. Overall, the chapter seeks to rebalance the
traditional emphasis on biosensor design by highlighting the importance of con-
trolled sample presentation as a potential route to low maintenance biosensors with
improved response characteristics.
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1 Introduction

The miniaturisation of sensors has been driven by evermore sophisticated, high
precision fabrication platforms available through centralised microelectromechan-
ical foundries. Through this MEMs capability, an ever expanding repertoire of
controlled geometry sensor surfaces, high density precision arrays and a kaleido-
scope architectures have come about, never thought possible in the early,
pioneering days of biosensor development [1, 2]. Much of this is centred on the
machining of silicon, but with the advent of polymeric materials technologies,
many using silicon as the forming template, it has also been possible to leverage,
soft polymer structures in sensor design [3]. Perceived advantages have been the
creation of devices that are small enough to be non-intrusive, requiring the smallest
of samples and able to be intergrated into larger assay components through
mechanical adaptability. Such considerations highlight the fact that a functional
sensor is not itself the full answer to an analytical need, but must be a part of a
cascade of functions from sampling, sample presentation/separation through to
signal processing and presentation. Seamless sensor integration into a system is
already well understood in the case of medical monitoring, particularly if mea-
surement is to be undertaken in vivo [4]. However, systems having a small ana-
lytical ‘footprint’ for non-intrusive measurement are also needed in other sectors
needing extra laboratory testing. This certainly applies to system deployment for
bioterrorism/security where practical application demands a versatile capability as
regards both location and stand alone operation.

Along with sensor miniaturisation, miniaturised sample presentation is also
important; too little attention has been give to the fact that the way in which a
sample is presented (dilution, flow, reagent content etc.) can make all the difference
between a viable and non-viable system. Clearly, any fluid sample, but especially a
liquid, can be controlled across a range of physicochemical variables; beyond
sample diluent control, the volume requirement can be controlled, flow rate
manipulated, calibrants interposed (one advantage of the early FIA approaches) and
critically surface shear and turbulance at the sensing surface manipulated. This last
aspect has been shown to be a critical influence not just on analyse flux to a sensor,
but on the deposition of colloidal materials likely to foul a sensor surface. This
chapter focuses on microfluidics developments as a research field in its own right
and then on the way it serve as a sample presentation methodology for miniaturised
sensors. As such only a part of the uTAS paradigm is covered; sample prove design
and the use of miniaturised sample cleanup and chromatographic components are
excluded. However, a sensor and microfluidic combination goes a long way
towards underpinning the uTAS ideal.
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2 Microfluidics: Basic Features

Analytical structures and devices operating at the micrometer scale are fabricated on
either top down approach or bottom up principles, now well established [5]. For top
down fabrication, a larger structure is machined without atomic or molecular
control to the smaller dimension, while in the bottom up approach atomic scale
manipulation is used to build up the larger structure. Whilst this especially applies
to nano devices, the principles are the same for micron scale design. The inherent
benefit of miniaturisation is the combination with other complex sub-components to
create a monolithic structure that is simple in design, ergonomically efficient and
appropriate for use by a non-skilled operator [6].

The governing principle around microfluidic sample management is embodied in
the Reynolds number (Re). This defines the ratio of inertial versus viscous force
during flow:

Re ¼ DVq
l

ð1Þ

Re is dimensionless and here, D is channel diameter (m), V is fluid velocity
(m/s), ρ is fluid density (kg/m3) and μ fluid viscosity (N · s/m2). In low dimension
channels, the viscous force dominates and the tendency is then for turbulent flow to
switch over to laminar flow. At approximately <3000 Re turbulent flow is avoided
and the key analytical implication is that intermolecular exchange and solute
transport are determined by Fick’s Laws alone. Indeed, much of microfluidics
research is aimed at overcoming the barrier to mixing by attempting to engineer
turbulence in miniature flows, e.g. to effect more efficient sample and reagent
mixing. However, in the present chapter, the special benefits of non-mixing will be
highlighted. A particular flow model of value for sample delivery is that of dual,
linear fluid flow. This is relatively easy to generate, though the situation becomes
marginally more complicated at the inception of flow convergence, where turbu-
lence and local recirculation, along with eddy currents can combine to create
unwanted physical mixing [7].

3 Dual Flow for Mobile Liquid-Liquid Interfaces

The dual flow model has been reported by us, based on bifurcated flow channels
with convergence of independent flow at the starting point of a simple linear flow
system. (Fig. 1). Various designs have been tested empirically for both the angle of
convergence and the method flow drainage [8].

Our flow channels avoided dependence on a MST foundry, and were simply
formed by adhesive bonding of cut glass plates, which had the advantage of per-
mitting optical microscopy of flow, not possible with Si and avoided the solvent
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incompatibility of transparent polymers (vide infra). Ultimately, a single channel
drainage design, rather than the dual drainage shown in Fig. 1 proved the most
effective and convenient. Figure 2 shows a practical manifestation with a design for
an integrated electrochemical wire sensor. What the design allows is for a mobile
fluid layer to be sustained between sample and sensor. In this way, a colloid con-
taining or contaminated sample can be separated from the sensor surface avoiding
the dangers of surface biofouling and associated sensor drift, permitting
calibrant/reagent to be introduced without interruption of the sample flow and per-
mitting modulation of the concentration of solute achieved at the sensor surface [9].

Fig. 1 Glass fabricated flow channels for laminar flow and incorporated distal fluid flow drainage
design. The structures are configured to accept parallel fluid flow from micro flow pumps. The
shaded circles indicate the location of pipette tips positioned vertically for fluid entry from external
tubing. The glass construct allows for transillumination and for carriage of organic solvent. (From
Ref. [8] with permission)

Fig. 2 A flow cell with integrated wire electrode for protecting the sensor tip using a contacting
analyte, receiving, flow containing only buffer or reagent, while the non-contacting sample flow
stream is kept physically away from the tip, enabling sensor protection from cellular and colloidal
components liable to foul the electrode surface
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Detailed consideration of flow and overall design are key to retention of this
stable liquid-liquid interface and fluid ‘coating’ over the sensor. Importantly to
adhere to laminar flow principles (Eq. 1) it is not necessary to have a micro
dimension flow channel. Indeed, the latter has distinct disadvantages in that surface
fouling of the channel wall is more likely to lead to channel blocking. At initial
convergence of any such flows, there are inevitably two independent parabolic flow
profiles, with their highest velocity, as in any pipe flow, at the centre and the lowest
flow rate close to the channel wall converging to a no-slip boundary at the channel
wall. Subsequently, a single, fully developed flow profile results attained at a
channel location defined as the Langhaar distance (Le):

Le ¼ 0:058: Re: d ð2Þ

where d is the characteristic length of the channel, which for a particular channel
flow geometry can be taken as the hydraulic diameter—non-tubular flow. The flow
profile convergence is illustrated in Fig. 3. The dimensions of this convergence is
important because it determines the type of transport to the sensor surface and the
expected response magnitude.

The velocity of flow at the liquid-liquid interface in the middle of the channel is
inevitably the same for both liquids and depending upon the time available for their
interaction along the channel, Fickian, concentration gradient driven diffusion
directs solute transport orthogonally to the flow direction. This can be visualised in
Fig. 4, where amylose in one flow solution meets an iodine indicator in the second
flow stream. An iodide—amylose complex forms, is readily seen as a line along the
length of the fluid interface, but importantly, its formation is determined by the

Fig. 3 Flow velocity profile as it develops from the point of dual flow contact on either side of a
rectangular splitter palate. The initial curves represent dual parabolic flows, which over distance
develop into merged and then a single parabolic flow with maximum velocity at the centre of the
channel. The position of the single flow profile is defined as the Langhaar distance (Le)
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degree of contact at the interface, dictated by the flow rate; higher flow permits only
a reaction at the interface and slow flow permitts a widening interaction to give a
pyramidal zone of extended diffusive cross channel interactions.

4 Transport Phenomena Under Flow Conditions

The protective principle of dual laminar protective flow, described above, rests on
the fact that surface active fouling agents are largely colloidal and cellular, whilst
molecules of interest are typically micro solutes. The diffusion coefficients of a
micro solute, being at least an order of magnitude greater than the effective diffusion
value for a colloid or cell ensures that just a finite liquid layer forms a screen for
protecting the sensor surface. Of course, part of the protective feature relates to the
fact that the liquid layer is mobile and so a laterally diffusion colloid/cell is swept
along the channel before reaching the sensor, so access to the sensing surface
(Fig. 2) is much greater than that a fouling agent. The location of an intramural
sensor along the flow channel is thus of importance because there is the balance of
the increased time available for lateral transport of target molecule versus that of a

Fig. 4 Digital images of left to right flow near a splitter plate and the creation of flow dependent
interaction zones, respectively between amylose loaded and iodide loaded flow streams. Flow is
from right to left, and shows the interfacially generated amylose-iodide complex, known to be
visible at sub-micomolar levels. a 10 µl/min per inlet, b 50 µl/min per inlet, c 100 µl/min per inlet,
d 999 µl/min per inlet
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colloid, and so the sensor should not be too far down the channel, whilst positioning
too near the flow entry means it is within the Languor distance. A quantitative
evaluation of the diffusion process for a micro solute was undertaken using per-
manganate solution with stopped flow (Fig. 5); the concentration drop to the
non-permanganate side becomes less distinct over time as lateral diffusion pro-
gresses; this apples to both micro- and macro-solutes, and of course the concen-
tration profile itself offers a route to determining the diffusion coefficient value of a
solute within a given sample matrix.

Laminar flow has been exploited in other sectors. Thus, in the case of electro-
chemical fuel cell design [10], non-mixing fuel and oxidant streams have been used
in order to avoid the need for a membrane separator. Proposed advantages parallel
those for sensing; a single channel simplifies packaging and sealing requirement,
problems of membrane damage are avoided, fouling and permeability issues cease
to be a worry and there is greater compatibility with Lab on a Chip design with
elimination of one structural component. Arguably, whatever the advantages

Fig. 5 A cross-channel densitometry analysis showing the location of the intense colour of
permanganate solution as permanganate from such a solution diffuses laterally across the direction
of flow into an aqueous receiving stream. The image represents a stop-flow experiment with loss of
the sharp liquid-liquid interface as the permanganate diffuses across. Quantitative profiling was
achieved by grey scale imaging. The horizontal axes is in mm and the key refers to distance along
the flow channel
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regarding the non-fouling liquid-liquid interface, it may still be necessary to
enhance solute transport to an intramural sensor. This has been proposed, variously,
through the use of additional, multiple inlets to provide additional solute sources, to
re-supply zones of depletion, drainage of depleted solution via multiple outlets and
a creation of angular ridges along the flow channel to enhance solute supply from
central flow via advection [11]. Also, solute residence time at any particular
location in the cross-section of a channel is not just a function of flow velocity, but
affected by channel geometry. If the inter-diffusive distance is small compared with
the channel height, molecules at the top and bottom of the channel have longer for
inter diffusion because as with any wall proximity, there is a much slower flow
velocity at the top and bottom wall margins. This gives the typical ‘butterfly’
distribution of concentrations in the cross-section of a channel [12].

5 Electrophoretic Field Effects

For enhancing an electrochemical reaction itself, it has been shown in the case of
the glucose biofuel cell that the reaction depletion layer at the electrode surface can
be reduced by reducing the electrode surface length along the length of a micro flow
channel [13]. The depth of the depletion zone over an electrode can also be reduced
by dividing up an electrode surface to create spaced a array of smaller electrodes
[14], in one instance with a separation that was ×3 the length of electrode length a
distinct enhanced power density was achieved at a microbiofuel cell [15]. This type
of realignment will have exactly the same advantage for sensing, and may con-
tribute to accessing low target molecule levels.

The differential diffusion of proteins and other solutes has been used as a means
for their purification [16]. If the receiving stream in a dual flow channel has an
affinity for these proteins, as has been observed in the case of a system for cell
membrane proteins, then both an enhancement of concentration and purification by
the receiving stream becomes possible [17]. This principle could be adapted to low
level micro solute monitoring if the appropriate partitioning interface can be pro-
vided for the receiving stream.

Lateral application of an electric field induces electrophoretic transport of large
chargedmolecules [18, 19], either as a basis for removing them from the assay sample
or for increasing their concentration; this has analogy with field flow fractionation
(FFF). A typical technical arrangement involves electrodes recessed behind a gel
phase facing the channel, thereby avoiding flow disturbance at the electrode whist
achieving electrical connectivity to the sample. Quite a dense, narrowed, highly
localised distribution of a mobile protein phase can thereby be achieved. This topic
has been considered recently [20] andmay have value for samplemanipulation during
sensor based monitoring. Such driven solute transfer between two distinct solvent
phases may be asymmetric, thus transport from a PEG solution to a dextran receiving
stream occurs readily, but that in the reverse direction is constrained and non-linear,
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showing threshold effects [19]. In this context, the lateral transfer of protein was not
seen to be pH, and therefore charge, dependent, but partition coefficients seemed to be
important and a developed interfacial double layer at the liquid-liquid boundary will
affect cross-phase mobility. A phosphate buffer was described as generating a high
double layer potential leading to accumulation of protein at the interface whilst a Tris
combination with BES buffer lowered the interfacial potential and thereby protein
distribution [21, 22]. A rather different situation occurs with DNA fragments. Here, an
apparent energy minimum is attained at the liquid interface, promoting electrostati-
cally driven adsorption via an electrophoretic field. The complexity of the phe-
nomenon is indicated by the promoted detachment ofDNA fragments with increase of
the electrical field gradient; this appeared to be thermally promoted, with detachment
of fragments occurring in a size dependent manner. It appears that the local electro-
static field strength is substantially greater than any applied field, but the latter affects
the local field by both a narrowing the thermodynamic potential energy well and a
reduction of the height of the barrier to thermal displacement [23]. The much higher
diffusivity of a protein versus DNA also, potentially, will help to separate these
components for measurement and such dual liquid components could additionally
allowing some size based discrimination of DNA prior to sensing.

6 Cell Resolution

When red and white cells from blood are brought into contact with a flowing
liquid-liquid interface, the red cells tend to diffuse out into the bulk phase whereas
the white cells are retained because of their larger size and lower mobility; the
energy minimum experienced by the cells is also a factor and is determined by cell
surface area, greater for white cells [24, 25]. Discrimination is also described in
general between different nucleated cell types and between live/dead cells [26, 27].
So cell loaded samples can be manipulated in microfluidics for say accessing cell
sub-types for toxin measurement or for avoiding cell and sensor contact.

7 Dual Flow Heterogeneity

A dual flow that involves high and low viscosity liquids shows significant flow
asymmetry. At low Re in particular, the more viscous fluid occupies the larger
cross-section of the flow channel, compressing the less viscous fluid (Fig. 6), with
net flow rate in each fluid being the same; in this way, also, the balance of pressures
across the flow interface is maintained [28, 29]. A solvent juxtaposition with
inevitably different viscosities has been studied using a combination of
phenol/chloroform/isoamyl alcohol and water [30]. The liquids are immiscible, but
yet flow stability, and avoiding flow breakup, was a challenge, with surfactant
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required to avoid initial interfacial curvature and later droplet formation. In this
system, protein could be precipitated at the interface, but here it was not sufficiently
to be able to completely remove protein that had been on the aqueous side. Where,
however a more diffuse, miscible interphase is developed, solvent is present on both
sides, determined by mutual solvent molecule diffusion; the result is a wider zone
for protein accumulation and a more pure aqueous phase can be generated; the same
effect is seen with DNA. Thus a DNA product of cell lysis could be extracted on a
continuous basis.

A range of dual organic—aqueous flows have been investigated [31, 32], e.g. for
sample extraction and increased solute concentration [33, 34]. Here, however,
special flow units are usually required with etched glass typically used to give
solvent resistance and allow optical monitoring. Examples of extraction include that
of cobalt into a toluene phase [35], amphetamine like agents from urine into a
chlorobutane phase [36] and ion pair extraction into chloroform [37]. One reported
alternative to glass that simplified fabrication has been UV curable thiolene and a
perfluoropolyether [34]; this was respectively used to establish the lipophilicity of
caffeine through extraction and as a means of removing radioactive copper from
aqueous solution as a possible system for radionuclide separation. In a further
example, strychnine was extracted and then back extracted into a chloroform phase
[38], and for a carbamate pesticide assay a sequential micro flow system achieved
initial generation of a naphthol hydrolysis product, then a coloured diazonium
adduct which was continuously extracted into a butanol phase for assay [39].
A further advancement of dual phases into triple parallel phases has been reported
by Tokeshi et al. [35]. Here, sample mixing, reaction and extraction took place in a
single chip and was defined as continuous flow processing (CFCP), illustrated, for
example, for Co2+ with extraction of a 2-nitroso-1-naphthol complex from an
aqueous phase into a non-polar xylene phase where the complex dissociated, for
release of the free Co2+ into an acidic trapping phase.

Fig. 6 A typical asymmetric width distribution for dual liquid-liquid flows unseparated by a
physical barrier where a high and a low viscosity flow is juxtaposed. The asymmetry can be
resolved by controlled, asymmetric pumping of flow
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8 In Situ Polymer Membrane Formation

Microfluidics has provided a versatile platform for sample extraction and assay as
described above, recently reviewed by Atencia and Beebe [40]. Provided the bal-
ance of flows is established, stable, centralise flow patterns can be achieved.
However, most descriptions above utilise the above type of direct liquid-liquid
interfaces. There is a concern, however if flow disruption occurs, arguably during
long term use a disruption to the flow dynamics could destabilise the co-linear flow
and lead to measurement instability. Rather less work has been done to incorporate
formal barrier structures that could both control solute transport and also stabilise
flow. We have specifically addressed this challenge, along with other Groups, using
flow balanced organic-aqueous flows to create reactive interfaces for generating
polymeric barriers directly in situ. Rapid flow proves an advantage here as it
promotes flow stabilisation, whereas slow flow is known to lead to segmentation
[41]. Creation of distinct contralateral hydrophobic and hydrophilic flow surfaces
also can provide stabilising pinning contacts for an organic and aqueous liquid,
respectively. One hydrophobic surface modifier is organosilane on glass [42]; this
has proved useful in protecting flow stratified, non-segmented flow. However, the
approach does require a selective pre-deposition of the silane surface modifier, and
a rather complex, ridged, channel design was necessitated to avoid channel
crossover during surface treatment. Different fabrication materials for either side
avoid this, e.g. PDMS and glass [43], but here the initial fabrication becomes more
demanding. However, such balanced flows have not been used for interfacial
membrane formation or synthesis, and focus essentially on extraction [44].

In our studies we used glass only fabricated Y-channels for hosting both solvent
and aqueous flows, which considerably simplified construction. Stabilisation of
flow and centralisation of the flow interface appeared to be achievable just through
differential control flow control, avoiding viscosity induced flow asymmetry flow
(Fig. 6). Initially, solvent flow was studied in an essential impermeable flow model
system where the polymer generating reaction was guaranteed to be ultra-fast; the
flows here delivered reactants for the formation of nylon 6,6 [8] based on a duality
of water/xylene. The interface between the solvents moves naturally towards the
xylene phase because of the lower solvent viscosity, but was countered by differ-
ential flow. The nylon system does not really serve as a convenient solute per-
meable membrane, except for gas molecules, and so an alternative fast reaction
needed to be developed to create a membrane that had permeability and whose
permeability and structure could be modified as a continuum, with the potential to
host immobilised bioreagents, e.g. as a component in a bioreactor or a sensing
system.

Accordingly, protein chemical cross linking was used to create the new class of
self-standing membranes. This, of course, is the classic mode of protein immo-
bilisation for supported protein layers for biosensors,. However, the standard cross
linker reaction rates are too slow and in micro channels lead to channel blockage.
By instead using a diacylchloride crosslinker (Fig. 7) an ultrafast interfacial
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crosslinking occurs and a central, self standing, self limiting membrane results that
has a cross linked mesh, overall thickness and permeability that can be tuned by
controlling reactant concentrations, flow rates and choice of starting protein [45].

Additionally, a charge based separation is feasible, based on choice of protein
isoelectric point and the operating pH for the solute transfer. A typical asymmetric
flow was 400 uL/min water for the protein and 700 uL/min xylene for the cross
linker in a 2 × 0.1 mm flow channel. Figure 8 shows a centralised, suspended
membrane from cross linked albumin. A further benefit of this is the opportunity for
using counterflow to accelerate solute transfer, and the operation of organic and
other high partitioning solutes for analyte pre-concentration.

Fig. 7 Amide bond formation at a potential basic amino acid side chain. The rapid tetrephtaloyl
chloride crosslinking reaction used for protein cross linking in micro channel. The reaction mixture
comprises flow balanced organic and aqueous flow to avoid flow asymmetry.; the strength of this
ensures that it is self standing and adherent to the top and base of the channel

Fig. 8 The reaction interphase generated by the cross linking reaction in Fig. 7 leads to a
self-limiting phase whereby a protein mesh limits further diffusive mixing. The edge of the
self-limiting membrane is shown, and has the strength to be self supporting while also strongly
adherent to the top and base of the glass flow channel
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With protein based membranes, there are, of course, the readily available amino
acid side groups for further facile immobilisation of bioreagents, including enzymes
and antibodies. In the case of the former, not only can the enzyme be part of the
assay chain, but it could be used to break down interferent species. Antibodies,
alternatively, should permit immunosensing formats.

Nominally, a protein phase is biocompatible, though this would need to be
determined on a case by case basis. By contrast, with the protein membrane hosting
an RGD motif through co-retained fibronectin, laminin, vitronectin and other tissue
matrix proteins, cell adhesion can be deliberately facilitated. The potential is there
in that case for immobilised cells to serve as a toxin reporter, and a new embodi-
ment of cell based biosensors could be achieved. Monitoring of such cells could be
through localised sensor arrays or through optical tracking of the morphology of
cell monolayers. A surrogate means of doing this is with electrode arrays in each
channel for AC impedance spectroscopy. Cell layer retention on the side of the
membrane opposite to the sample would allow delivery of effective growth medium
and enable cell survival in a sample stream that no longer needed to be itself mixed
with nutrient.

Considerable innovation is represented by work on interposed barrier structures,
though the literature remains limited. Hydrogel barriers using, for example, poly-
acrylamide [46] and alginate [47] have been reported, though such gel phases with
their high water content would have limited mechanical integrity, so would be used
as a broad interphase and may lack the molecular discrimination of dense mem-
branes. The environmental responsiveness and swelling of such gels could, how-
ever, have reactive cell and reagent reservoir release, and perhaps even serve as
addressable valves. A rather more membrane like structure has been reported, made
using alkali-acid gradients across a flow for the generation of chitosan membranes;
these were shown to be able to resolve particulates and antibodies from micro
solutes [48]. Nylon membranes of only*10 um thickness were formed in situ in an
earlier study using an X-shaped micro channel, alternative to our Y-shaped flow [8];
interestingly this ultra thin barrier had permeability to H2O2 [32]. A further poly-
amide membrane has been reported, formed using a xylene carrier at a water
interface [49] and a palladium complex membrane formed from a reaction between
a phosphine polymeric ligand and a palladium compound [50]. Overall, the interest
in in situ membrane formation, including our own, was stimulated by the work on
microfluidics by Whiteside’s Group [51, 52].

Use of preformed membranes is certainly an alternative, perhaps easier,
approach, though a less elegant solution to sample separation for microfluidics, and
the smaller the channel diameter, the more difficult to achieve. However, in one
report a simple commercial microporous membrane was sandwiched between two
micro flow chambers and used to discriminate low molecular weight peptides from
a protein containing biological mixture for later SERS analysis [53]. For blood
plasma separation, a microporous polysulphone membrane was used where vertical
deployment of the membrane avoided cell sedimentation onto the membrane so
avoiding membrane blockage [54].
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9 Sensor Incorporation in Microfluidics

Dual flow microfluidics offers the opportunity not only for sensor protection but for
reagent loading into the receiving stream; this could include bio- as well as
non-biobioreagents. In a simple model with amperometric detection of glucose
using glucose oxidase we generated stable sensor responses (Fig. 9). So despite a
continuous flow of solution enzyme orthogonal to the diffusion of glucose, a* 130
um Pt working electrode retained in the channel wall with no barrier membranes
operated reliably; there would have been little concentration variation across the
low diameter measurement surface. Importantly, the response is extended to well
above the typical functional glucose km of an immobilised enzyme (*6 mM), and
reflected solution enzyme km (>30 mM). This is likely to be due to two factors, the
diffusion limitation to glucose transfer across the liquid stream and the continuous
re-supply of oxygenated solution through ongoing flow. We have also found linear
responses with combined enzyme and substrate in the supply stream. In principle it
would be possible to operate with reagent requiring enzymes such as the dehy-
drogenases to broaden the analytical repertoire. Also, if an immunoreaction takes
place rapidly as is the case for some homogeneous competitive immunoassays, then

Fig. 9 Extended linearity state responses of a Pt wire working electrode to the H2O2 product of a
glucose oxidase catalysed reaction using glucose oxidase dissolved in the flowing stream in the
flow juxtaposed to the electrode surface, while glucose is present in the non-contacting sample
stream
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with the continuous re-supply of immunoreagent in the receiving stream, a
quasi-continuous readout for immunosensing might be achieved for continuous
tracking with immunosensors.

Microfluidics integrated biosensors based on enzymes have been reviewed
recently [55], where the various alternatives of particle loaded, wall- and sensor
immobilised configurations were highlighted. At the opposite end of the mea-
surement spectrum, addressing multistep sample preparation procedures, a labelled
DNA modified electrochemical sensor was integrated into a microfluidic device to
registering hybridisation initiated change in the labelled DNA; however, this
reagents configuration also included an on chip PCR amplification [56]. In a similar
strategy, arrays of electrochemical sensors and heaters have produced for quanti-
tative PCR utilising metal printed circuit board engineering [57].

For toxin detection other than metabolic disruption to cells, inhibition of
enzymic reactions has provided a versatile routed for measurement. Thus, a
microfluidic chamber incorporating an SPE and AChE [58] has been used for sarin
detection. Amperometric detection of a thiocholine product; served as the reporter
end point here. By an optical approach an aptamer was used to bind to polychlo-
rinated biphenyls [59]. Here, an Ag based SERS detector surface functionalised
with aptamer was integrated into a PDMS microfluidic channel, enabling assay of
small sample volumes, whilst also providing for an aqueous interface that was more
representative of a biological sample. SPR provides the ultimate surface biosensing
technique, and localisation of such detection surfaces (LSPR) [60] has allowed
multiple, simultaneous measurements on small sample volumes enabled through
parallel microfluidics delivery. The general area of optical biosensors combined
with microfluidics is thus receiving increased attention, and that in the near future
advances in micro lens technology, organic LEDs and new materials for thin film
photodiodes and high density optical pathway devices will lead to miniaturisation
of optics with fluidics [61].

More adventurous bio-equivalent electrochemical configurations in microfluidic
systems are being reported. Drug and chemical toxicity has been determined, for
example, by using a polarised electrode to substitute for natural electron donation to
immobilised Cyt P450; this powered oxidative catalysis by this liver enzyme sys-
tem and enabled evaluation of resulting genotoxic metabolites from chemical
agents. DNA damage here was registered by square wave voltammetry at a RuPVP
coated electrode [62]. Nanowires offer a further route to low intrusion sensing,
complementing microfluidics. In one study, the micro channel itself was use to
direct flow for the formation of nanowire patterns [63]. As a departure from solid
state flow channels, a soft gel micro channel has been reported with incorporated
carbon nanowire arrays of 20 um diameter comprising core-shell titanium carbide
with carbon; this was used for monitoring NO release from cultured endothelial
cells [64]. Whilst not part of a microfluidic structure, an individually addressable,
compressed array of 110 gold micro electrodes for NO/peroxinitrite detection
shows the likely detection scale up that could be achieved for future microfluidics
[65]. Miniaturisation and array compression with nano sensors has been reviewed
[66], indicating the diversity of platforms possible including impedance
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measurement, potentiometric ion monitoring and nano-scale surface modification
for improved bioreagent loading [66]. Extreme miniaturisation of ion selective
electrodes, whilst retaining robustness, remains a challenge, and whilst the ISFET
model is usable with appropriate MEMs engineering, there is now interest in wire
type structures based on metal such as a Pt device where an ionophore coating was
used for K+ and Ca2+, and iridium oxide for pH. Thin film sensors as have been
designed for PDMS micro channels [67]. So diverse range of integrated structures is
emerging, and is likely to enable multi parameter ion monitoring perhaps as future
hyphenated systems with voltammetric and optical detection [68].

Immunosensors have also been under investigation at mininaturised levels, and a
substantial range of surface immobilisation chemistries and flow designs are
reported [69]. As with other measurement modalities the drive for such research is
miniaturisation, multiple analysis and improved response to background ratios.
What is really needed is a re-engineering of the affinity binding chemistry itself so
either the limit of sensitivity can be enhanced, or the dynamics of binding reversal
can be accelerated to enable continuous immunosensor based tracking in micro-
fluidics. However, the scene is set for microfluidics to at least simplify the multiple
reagent flows, binding and separation steps in immunoassay to allow remote use by
non-technical operators.

10 Conclusions

A broad range of technical achievements with microfluidics and sensors has been
covered. Whilst these descriptions do not themselves amount to a comprehensive
overview of uTAS, they do provide information about the key elements of detection
and sample/reagent transfer at smaller scales. This is qualitatively distinct from
macroscale fluid movement, highly exploitable, and the likely focus of future
investigations. This is likely to move on to nanoscale fluid handling where wall
effects dominate even more, so allowing greater materials based solute and fluid
manipulation. The flow emphasis in this chapter attempts to presage an era when
continuous sampling and operation will be the norm for decentralised measurement.
The eventual goal is continuous monitoring, at least as a way of setting up alerts for
threat agents and for identifying trends. We have seen considerable advances here
with respect to small molecules, but there remains a need to move on to (bio-
)macromolecular measurement with, if not continuous, then quasi-continuous
measurement with rapid, repeat assays enabled through rapid microfluidic handling.
Here also it can be envisaged that if arrays can be compressed into such miniature
systems, then microfluidic delivery can become a part of high throughput arrays.
This will become easier for a future when miniaturisation technologies shift from
the micro to the nano scale as a norm through advances materials and engineering
science. It is possible that health care monitoring will be the initial focus of
attention, but the follow on to threat agent monitoring can only thereby be
accelerated.
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New Routes in the High-Throughput
Screening of Toxic Proteins Using
Immunochemical Tools

Mihaela Puiu and Camelia Bala

Abstract The chapter reviews several aspects related to the mechanism of action
of toxic proteins used as biological warfare agents, together with the latest advances
in immunosensor development. Emphasis will be put on the role played by the
nanoparticle technology in the sensing and transduction design. The potential
applications of the nanostructured immunosensors in point-of-care systems and the
amenability of these devices for detection on-the-field will be critically commented.

Keywords Botulinum neurotoxin � Ricin � Immunosensor � Nanoparticles �
Point-of-care-testing

1 Lethal Plant/Bacteria Proteins as Potential Warfare
Agents: An Overview

Recent technological changes have increased the importance of protein toxins as
biological warfare agents (BWA) [1]. These emerging threat agents are produced by
living organisms: bacteria, plants or animals and differ significantly from replicating
agents (viruses and bacteria) and from classic chemical agents. Chemical Weapons
Convention (CWC) (1993) specifically includes protein toxins (abrin, botulinum
toxins, Clostridium perfringens toxins, ricin, cholera toxin and tetanus toxin along
with other highly toxic chemicals as chemical agents [2]. Since toxins are not
volatile and with rare exceptions, do not directly affect the skin, an aggressor would
have to present toxins to target populations in the form of aerosols, allowing contact
with the more vulnerable inner surfaces of the lung. Aerosol attacks have two major
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advantages: (1) the bioagent particles are dispersed in the atmosphere and, driven
by the wind, can drift over large areas, and (2) many diseases are more virulent
when spread by the aerosol route. For maximum effect it is generally agreed that the
bioagent particles should be in the size range of 1 to 10 μm. Larger particles will
precipitate out of the air in too short a time; smaller particles will tend to be
expelled from the lungs [3]. The acting mechanism of protein toxins, as a group,
dictates both the manner they could be used as weapons and the manner they may
be defended against. Protein toxins produced by bacteria and plants enter eukary-
otic cells and inhibit the enzymatic synthesis of proteins. The majority of these
toxins are referred to as AB-toxins because of their structural organization (Fig. 1)
[4, 5]. The A moiety generally has enzymatic activity and modifies a cellular target
upon entry into the cytosol which leads to cell death or other effects on cellular
physiology. The B moiety, consisting of one or more subunits, binds the toxin to
cell-surface receptors and can also play a role in the translocation of the A moiety to
the cytosol [6]. Examples of intracellular targets are ribosomes, actin, small
GTP-binding proteins like Rho, and heterotrimeric G-proteins [7–9] Commonly, an
AB-toxin is synthesized in an inactive form that is activated by proteolytic pro-
cessing (Fig. 1, [10]). Cholera toxin, ricin and clostridial neurotoxins are cleaved by
the producing organism at a region between two cysteine residues [10]. Clostridium
botulinum C2 toxin depends on proteolytic processing of the B moiety to expose a
site that then binds the A moiety non-covalently [10]. The result of the proteolytic
cleavage is a toxin with an enzymatically active part linked to the rest of the
molecule by a disulfide bond.

The AB-toxins, bind to specific receptor molecules at the cell surface. For
instance, the receptor for diphtheria toxin is the uncleaved precursor of the heparin
binding EGF-like growth factor [11]; Shiga toxin binds to the glycolipid Gb3 [12]
and cholera toxin binds the monosialotetrahexosylganglioside GM1 [13]. Plant
toxins, like ricin, usually bind to carbohydrates [14], regardless of whether they are
attached to lipids or proteins.

1.1 Plant Protein Toxins

Plant toxic proteins belong to a group of phytotoxins, being glycoproteins with
molecular weights of about 60 kDa, with two AB subunits linked into a dimer by a
disulfide bond. The B chain is lectin with sites for carbohydrate binding; the A
chain is a specific N-glycosidase which modifies the 28S rRNA-60S ribosomal
subunit. The most toxic, ricin is a protein produced by the castor oil plant, Ricinus
communis. The whole plant is poisonous, with ricin reaching the highest levels in
seeds. Once in the target cell, a single ricin molecule inactivates around 1500
ribosomes per minute, ultimately resulting in cell death. A fatal ingested dose for
human is about 1 μg/kg [8, 9, 15] but the levels of toxicity vary depending on the
route of ricin exposure. The mean lethal dose (LD50) in mice is approximately
1000–fold lower by injection or inhalation than by oral administration [9, 14]. The
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lethal dose for an adult human is about 0.35–0.7 mg by inhalation, while the lethal
oral dose has been estimated to be between 1 to 20 mg of ricin/kg body weight. This
large discrepancy in oral and systemic toxicity is probably due to the harsh
digestive conditions found in the stomach and epithelium, and innate immune
barriers present in the intestinal tract [9, 16]. Ricin intoxication can manifest as
gastrointestinal hemorrhage after ingestion, severe muscle necrosis after

Fig. 1 Structural organization of AB-toxins reproduced from [7] with permission of Elsevier

New Routes in the High-Throughput Screening of Toxic Proteins … 37



intramuscular injection, and acute pulmonary disease after inhalation [15]. Abrin,
obtained from the seeds of Abrus precatorius plant, is a glycoprotein toxin that
prevents protein synthesis through the irreversible inactivation of ribosomes [17].
Abrin is known to be 75 times more potent than ricin with an LD50 dose of only
2.8 μg/kg body weight of mice [17–19]. In addition to inhibition of protein syn-
thesis, abrin can trigger apoptosis in cells [18]. The estimated human fatal dose for
abrin is 0.1–1 μg/kg and ingestion of one or two crushed seeds is sufficient to cause
death [20]. Ingestion of abrin causes acute abdominal pain, multiple episodes of
vomiting and watery diarrhea, followed by renal failure [21]. Both abrin and ricin
are of particular concern as biowarfare agents due to their low cost of isolation and
ease of use either as aerosols or contaminants in food or water. Currently, there is
no effective treatment available for ricin and abrin intoxication. Therefore, it is a
need to develop sensitive, accurate, and robust assay formats that can monitor ricin
in human biological samples in a timely manner [22]. The existing methods for the
detection of ricin are not robust or sensitive enough for the detection of ricin in
biological samples such as sera or animal waste, due to the fact that very small
amounts of ricin are required to cause lethality in small animals [9].

1.2 Bacterial Protein Toxins

The Botulinum neurotoxins (BoNT) and cholera toxin (CT) are perhaps the two
most important bacterial warfare agents. BoNTs are zinc endopeptidases of
150 kDa secreted by the bacterium Clostridium botulinum as complexes with
non-toxic proteins [6, 10]. The neurotoxicity requires that the BoNT reaches the
cytoplasm of presynaptic nerve endings where its enzymatic activity results in the
cleavage of proteins involved in vesicle docking, thus inhibiting neurotransmitter
release [23]. There are seven defined serotypes (from A to G) of BoNTs. Type A
(BoNT/A) is one of the most frequent causes of natural human botulism, is
implicated in the most severe cases, and is the serotype probably presenting the
highest threat as a bioweapon. The BoNT is estimated to be 1000 times more toxic
than ricin, 15,000 times more toxic than VX nerve gas, and 100,000 times more
toxic than sarin, by weight. The BoNT LD50 is approximately 1 ng/kg in humans
[24]. Alternatively, by extrapolation from primate studies, lethal amounts of crys-
talline BoNT serotype A have been estimated to be 0.09–0.15 μg by injection,
0.70–0.90 μg by inhalation, or 70 μg orally for a 70 kg human [25]. BoNTs must be
detected rapidly to enable timely administration of neutralizing antibodies to the
exposed persons and to prevent additional exposures. The risk of bioterrorism
involving the release of BoNT into milk supplies was recently analysed [26].
Botulinum toxin produces a descending flaccid paralysis [27]. Usually, an identi-
fication of botulism is made through clinical manifestations and diagnosis, with
subsequent confirmation by laboratory identification of clostridial spores or toxin in
food, clinical or environmental samples [28]. The speed of recovery from botulism
increases with the timely administration of antitoxin or medical interventions [29].
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These findings emerged the need for assays that could be used in the field and that
allow rapid detection of BoNTs. The reference method for detecting BoNTs con-
tinues to be the mouse lethality assay because it is a highly sensitive functional
assay that directly measures the amount of toxic BoNT, despite of its well-known
limitations. Foremost, this assay usually requires 24–48 h to yield results. However,
antibody therapy is most efficient when given before the clinical signs of botulism,
which can occur less than 12 h after exposure. Also, the need of maintaining the test
mice makes it impractical outside reference laboratories and particularly in field
conditions [26]. Cholera toxin (CT) is the major virulent factor of toxigenic strains
of V. cholerae [30]. It has a common hetero-hexameric structure consisting of a
single, enzymatically active A subunit (CT-A, 27 kDa), non-covalently linked to a
pentameric core of five identical receptor-binding B subunits (CT-B, 58 kDa)
[31, 32]. The CT’s biological action is initiated by the binding of CT-B to the
ganglioside GM1 receptor on the intestinal cell membrane followed by internal-
ization of CT-A into the cell where it activates adenylate cyclase [33]. This leads to
increased intracellular levels of cyclic AMP, which in turn results in the secretion of
large amounts of water and electrolytes into the bowels, causing severe diarrhea and
death in the absence of a rapid treatment [32]. The lethal dose of CT in humans is
relatively low (LD50 = 250 μg/kg [34]). CT has become a very important target in
biological detection, and there has been increasing interest in the development of
rapid and sensitive methods for the determination of CT. The majority of these
techniques are based on recognition between the GM1 ganglioside and CT [35].
Tetanus neurotoxin (TeNT) is a 150 kDa tripartite toxin with a 50 kDa light chain
which exhibits zinc endopeptidase activity and a 100 kDa heavy chain [36]. Along
with BoNT, TeNT belongs to clostridial neurotoxins family Recently, TeNT was
reported to enter central nervous system (CNS) neurons upon synaptic vesicle
cycling that was mediated by the direct binding to synaptic vesicle protein 2(SV2);
this implies that TeNT and BoNT utilize common mechanisms to enter CNS
neurons [27]. Unlike BoNT, TeNT causes spastic paralysis [37]. Vaccination
against the tetanus toxin is a routine procedure in Western countries. Thus, TeNT
seems to be an appropriate proof-of-principle target in sensing human immune
responses [38]. Antibodies able to neutralize TeNT are the main factors in pro-
tection against tetanus disease and preventive detection of this toxin.
Antibody-based therapeutics for treatment of tetanus is currently available on the
market but its production is tedious. Therefore, the preparation of tetanus-specific
antibodies that could be easily produced in large scale in vitro is now in high
demand [39].

The main issue concerning a biological attack is determining if and when the
attack has occurred. Often is difficult to distinguish among the first symptoms of
BWA infection and infection symptoms caused by more benign biological agents
[40]. Therefore, molecular methods employing devices able to identify chemical
markers from known biological agents are required. One can mention two classes of
such devices which can be referred to as detect-to-treat, (allowing early identifi-
cation of an infection), and detect-to-protect (providing a warning that a site is
contaminated by BWAs to prevent infection) [41]. The criteria guiding these
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specific analytical methods are quite different. A detect-to-treat system must be
able to identify a BWA, from biological samples, within a few hours of infection.
Most of these methods are based on immunoassays using antigen/antibody reac-
tions. ELISA (enzyme linked immunosorbent assay) and RIA (radio immunoassay)
are widely used, although their application to biological samples is limited to urine
or serum [42, 43]. These methods have important advantages such as rapidity,
reduced sample manipulation and high sensitivity, but display significant disad-
vantages regarding the occurrence of false positives and negatives, the shortage of
procedures with quantitative application and, sometimes, the lack of specificity [42,
44]. Therefore, the results require very often a further validation with other ana-
lytical methods based on chromatographic techniques in tandem with mass spec-
trometry. On the other hand, a detect-to-protect system must be able to provide a
warning within a couple of minutes from a sample without any user intervention.
Some analytical devices, which could satisfy both sets of conditions, are
antibody-based sensors. They provide sufficiently low detection limits to detect a
single BWA, being able to sample analytes from complex biological matrices,
giving responses within a couple of minutes, giving rarely false positives and being
portable devices which require no power to operate. Of course, no single device will
match all these features in the near future; therefore the financial and scientific
efforts should be focused on developing in situ adapted assays for the high
throughput screening of BWAs [40].

2 Nanostructured Immunosensors for the on-Site
Detection of Toxic Proteins in Food and Biological
Samples

Antibodies (Abs) are probably the most used “affinity-recognition” elements in
biosensing technologies, covering a wide range of applications from food safety
and environmental monitoring to clinical analysis and medical diagnosis [45, 46].
The antibodies can be either polyclonal, if they are generated from different
immune cells, or monoclonal, if they are generated from identical clones of a single
parent cell. Polyclonal antibodies bind different regions from the antigen with
different binding affinities while the monoclonal antibodies bind to the same target
region (epitope), with equivalent affinity; they are far more selective than polyclonal
antibodies [47]. Antibody-based sensors have been intensively used to quantify
proteins, biological toxins, and biomarkers [48], based on the principle that
antibody-antigen interactions are converted to a measurable signal by the trans-
duction system (electrochemical, optical or piezoelectric). Antibodies can be
immobilized onto different solid surfaces by physical or chemical adsorption,
covalent coupling, using defined linkages such as glutaraldehyde, carbodiimide,
proteins A and G, or gold nanoparticles (AuNP) [49]. Antibodies combined with
nanomaterials are currently used to build-up powerful sensing systems [50, 51]

40 M. Puiu and C. Bala



because nanomaterials can act either as electron transport mediator due to their
good conductivity and electrocatalytic activity, or as support matrix displaying high
specific surface area, strong adsorption capacity and the ability to be functionalized
[51]. The metrics applied to immunosensors are devices that can detect the target(s)
of interest in a fast and selective manner, with a minimal user input. The properties
of nanoparticles (NPs) were exploited in the capture and concentration of analytical
targets, in addition to transduction of the immune-analytical interaction [52].
Common NPs used in immunoassay design are depicted in Fig. 2. The properties of
nanoparticles are adjustable due to the fact that the chemical and physicochemical
characteristics are highly related to size on the nanoscale. Nanoparticles display a
greater surface/volume ratio, therefore leading to an overall large working area to
undertake chemistries, electrochemistry or immobilization of bioaffinity agents
[53]. At nanoscale, the optical properties are significantly different compared to
bulk materials. For example, AuNPs may appear red or black which is very dif-
ferent from the bulk material due to the influence of quantum effects (quantum
confinement). Specifically, the electrons in NPs are densely packed having the
energy difference between highest valence band and the low conduction band
increased [51, 54].

Consequently, the energy to excite the particle increases, with higher energy
being released when the electrons return to the ground state. This effect is visualized
via a color shift in terms of optical characteristics and semi-conductor properties for
phenomena such as surface plasmon resonance (SPR). Another property displayed

Fig. 2 Transmission electron microscopy monograph of NPs applied in immunosensor
applications reproduced from [51] with permission of Elsevier
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by some NPs (e.g. metal oxides) is paramagnetism resulting from a lower number
of unpaired electrons compared to the bulk material. The net result is a lower level
of magnetism compared to the bulk material, but exhibits ferromagnetism under the
influence of a magnetic field [51]. Macromolecule labeling such as metallic NPs
conjugated to antibody plays a significant role in development of highly sensitive
and specific bioassays, such as immunostrip and electro- chemical immunosensors
assays. Biomolecules which have been labelled with NPs are, not only capable of
maintaining their bioactivity but also interacting with their counterparts. The
amount or concentration of analytes can be detected based on the signal detection of
such NPs. Quantum dots (QD) refer to structures below 10 nm fabricated from
materials taken from elements of groups II–VI and III–V [51]. QD absorb photons
that generate exciton thereby releasing electromagnetic energy in the form of
photoluminescence. QD emission wavelength depends on their size which can be
controlled or tuned. Modulation of emission spectra opens the way for multiplex
analysis with the advantage of intense fluorescence compared to standard fluor-
ophores [55]. Metallic NPs could be employed in both of immunosensors and DNA
sensors, where AuNPs are the most often used labels among all currently available
metal NPs [54, 56]. AuNPs can be easily synthesized in sizes ranging between 3
and 200 nm in diameter and in different shapes, being the most common the
quasi-spherical shape, mainly due to their surface energy that favors the formation
of spherical particles. Generally, the method of choice to synthesize quasi-spherical
gold NPs is the chemical reduction of Au(III) to Au(0) ions using sodium citrate as
a reducing agent, a method first developed by Turkevich [57] and later optimized by
Frens [56]. Besides gold and silver, inorganic NPs [58], platinum NPs [59],
europium NPs [60, 61] were used to functionalize antibodies. It was reported that
increasing the particle size increases the surface area to bind more Abs, which
ultimately improves sensitivity [62]. Still, even if metallic NPs with higher diameter
are expected to improve assay sensitivity, it was demonstrated that larger sized
AuNPs are more prone to non-specificity than their smaller counterparts [63]. There
are different approaches for the antibody functionalization of metal NPs, most of
them being based on the following general protocols:

• Immobilization via noncovalent binding onto charged surfaces, without chem-
ical coupling and retaining high activity of the antibody. Functionalized silica
beads also provide a charged surface by which proteins can be adsorbed via
ionic bonds [64]. Iron or zinc oxide beads can also be used for adsorbing
bioaffinity agents by virtue of carrying a net negative charge at neutral pH
[51, 65]. Covalent binding of affinity agents can also take place onto metal oxide
nanobeads, although require to be functionalized with organic (e.g. lauric acid)
or inorganic (silicon oxide) derivatives [66].

• Chemisorption (e.g. quasi-covalent binding of thiol functionalized antibody to
gold NP) which allows oriented functionalization, but requires NPs with cap-
ping agents with weaker adsorption than the derivatization moiety. Due to
thiol-modification, interferences by other chemical groups available for
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adsorption to the gold surface, may occur; this approach may be prone to
chemical degradation and surface oxidation of some NPs (e.g., silver) [67].

• Affinity-based (e.g. His-tag protein binding to nitrilotriacetic acid (Ni-NTA)
derivatized gold NP); beside the oriented functionalization this approach pro-
vide very straightforward binding between affinity pairs. However, the draw-
back is that both NPs and biomolecules (antibodies or their antigen proteins)
require modification with an affinity pair, which makes the approach limited to
availability of suitable binding affinity pairs [56].

The main applications of nanoparticles in immunosensing techniques are sum-
marized in Table 1.

Although nanoparticles usually enhance the analytical performance of the
immunoassay techniques, it is still in demand to improve aspects such as the
achievement of a higher specificity or the possibility of application to complex
samples such as serum, gastric content and urine [42]. Meanwhile, it should be
employed less complicated techniques with minimal number of steps that will allow
the detection of the target toxin in the matrix, at the required concentration of

Table 1 Nanoparticles commonly used in immunoassays for protein detection

Type of
nanoparticle/material

Properties Application in
immunoassay

Reference

Transition
metal/gold

Reacting with thiol
groups of the
immuno-affinity agents

Functionalization of the
antibody or protein
antigen
Enzyme label

[17, 52,
68, 69]
[24]

Transition
metal/silver

Reacting with thiol
groups of the
immuno-affinity agents

Functionalization of the
antibody or protein
antigen

[70]

Metal oxides/iron
oxide

Paramagnetic
Reacting with
organic/inorganic linker
agents for protein
conjugation
Easy to use

Functionalization of the
antibody

[71–73]

Non-metal
oxide/silica

Encapsulating fluorescent
dyes
Biocompatibility

Fluorescent label of
immuno-affinity agents
Antibody immobilization

[64, 74]

Heavy metal
salts/quantum dots

Semi-conductor
Narrow emission spectra

Fluorescent label of
immuno-affinity agents

[75, 76]

Carbon/nanotubes Mechanical strength
Electrical conductivity

Electrode
Immobilization of
antibodies

[77, 78]

Carbon/nanowires Electrical conductivity Electrode
Immobilization of
antibodies

[79]
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interest. For this reason, sample preparation needs to be tailored for the individual
transducer and required detection level of the target [80].

Therefore, the immunosensors have to be used for the fast diagnosis in remote
environments, where performing ELISA is not possible. The advantages of point-
of-care-testing (POCT) platforms versus laboratory analysis are presented in the
diagram of Lode (Fig. 3) [81].

Imunnosensing—based POCTs offer the possibility of carrying out “in situ”
diagnosis with a minimum training using fast, inexpensive and multiple assays. The
transduction techniques used immunoassay design can be described as electro-
chemical or optical based. The main advantage with electrochemical transduction is
the simplified design, sensitivity and amenable to miniaturization [82]. Optical
transduction is as sensitive or greater than electrochemical although has the dis-
advantage of needing camera/detectors for quantitative measurements [83]. The
main concept in immunosenor design is to be operative outside the laboratory
environment. Current commercial immunosensors for out-of-lab testing were until

Fig. 3 General features of POCT platforms vs. compared to the current laboratory testing
reproduced from [81] with permission of Elsevier
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relatively recently limited to optical fibers, dip sticks, lateral flow immunoassay and
amperometric devices [51] but the advances in nanotechnology enabled monitoring
of the immunointeractions with portable platforms.

2.1 Electrochemical Immunosensors

The recently reported electrochemical immunosensors for BWA protein detection
were mostly amperometric and impedimetric. In the past decade were reported redox
sensors using voltammetric techniques such as alternating current differential pulse
—and square wave voltammetry for the direct detection of an antibody [84, 85] or
antigen protein [86]; In the first case the recognition element was a redox-tagged
peptide epitope immobilized onto electrode surface. In the second case, the
redox-tagged lipid microstructures containing the surface ligand GM1 were immo-
bilized onto gold surface for the direct Cholera toxin detection. The operating
principle of the sensor was “signalling off”, i.e. the binding of the target CT to GM1

hindered the electron transfer from the redox tag to the electrode surface this causing
a sharp decrease of the electrochemical signal. This approach provided a working
range expanding from 1.0 × 10−8 to 5.0 × 10−7 M but was not available for real
samples [40].

2.1.1 Amperometric Immunosensors with Highly Conductive
Nanoparticle-Modified Transducers

Amperometry measures the current generated/consumed in redox reactions occur-
ring at the surface of the working electrode. Most used are the three electrode
systems which have a separate reference electrode that enables the applied potential
to be controlled [51]. Amperometric immunosensors use antibodies or antigens
immobilized onto electrode surface, but also require enzyme-labeling usually with
horseradish peroxidase (HRP) or alkaline phosphatase (ALP) [87]. A sandwich
ELISA system was used to detect ricin from water samples with multiwalled carbon
nanotubes—modified paste electrode (MWCNTPE) providing a linear in the range
0.625–25 ng/ml [88]. The ricin capture antibody (raised in rat) was physically
adsorbed on the modified electrode surface, while the ricin antigen and the
revealing antibody (raised in rabbit), tagged with ALP were successively added.
Each measurement requested around 20 min, far less time consuming compared
with other ELISA-like assays. This portable ricin detection system using any hand
held potentiostat can be used in field testing. An amperometric sensor for BoNT/A
using gold nanoparticles as electronic bridges and signal amplifiers was recently
reported [68]. Here AuNPs were first thetered with mixed PEG-aryl-diazonium salts
and attached to the glassy carbon (GC) electrode by forming Au–C bonding, which
displayed greater stability compared to Au and NH–Au-S bonds. Then, the thetered
AuNPs were functionalized with the capture antibody. A similar procedure was

New Routes in the High-Throughput Screening of Toxic Proteins … 45



used to functionalize thetered AuNPs with HRP-labeled anti BoNT/A antibody for
the sandwich assay. Hydroquinone was used as mediator for HRP electron transfer
(Fig. 4). The linear range was 4–35 pg/ml, and the detectable concentration of

Fig. 4 Amperometric detection of BoNT/A: the AuNPs functionalized capture antibody
(immobilized on GC electrode) and HRP labeled antibody bind each a different BoNT subunit.
The enhanced electrical signal directly proportional with toxin concentration is due to the
electronic bridge provided by the AuNPs (reproduced from [68] with permission of Elsevier)
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BoNT/A was 1 pg/ml (6.67 fM) in Tris buffer and 5 ng/ml in spiked milk samples.
The immunoassay displayed a short detection time (around 10 min) thus being
amenable to miniaturized and portable devices for POCT.

A similar sandwich ELISA format was developed recently for BoNT serotype E.
This method relied on graphene nanosheets—aryldiazonium salt modified glassy
carbon electrodes (GCE) as sensing platform and enzyme induced silver
nanoparticles (AgNPs) deposited on AuNPs as signal amplifier (Fig. 5) [24]. The
developed electrochemical immunosensor could detect BoNT/E with linear range
from10 pg/ml to10 ng/ml with LOD of 5 pg/ml and total analysis time of 65 min.
The immunosensor was evaluated against food samples (orange juice and milk).
The deposited AgNPs on electrode surface were determined by linear sweep
voltammetry (LSV).

It is worth mentioning an electrochemical immunosensing assay for anti-
Clostridium tetani Ab determination in serum [89] since no other immunosensor for
the direct detection of tetanus toxin was reported so far. The antigen tetanus toxoid
was immobilized on superparamagnetic nanobeads. The immunoreaction occurred
in Eppendorf minitubes. The anti-TeNT Ab was incubated in the presence of the
toxoid functionalized nanobeads, then reacted with HRP-labeled anti-IgG. The

Fig. 5 Steps involved in GC electrode modification and sandwich immunoassay detection of
BoNT/E based on the analysis of deposited silver nanoparticles (AgNPs) generated by mouse
IgG-ALP/AuNPs catalysts and 3-indoxyl phosphate (3-IP) reaction (reproduced from [24] with
permission of Elsevier)
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resulting immunobeads were retained onto the carbon paste working electrode with
a magnet. Hydroquinone served as redox label. The level of anti- Clostridium tetani
Ab in guinea pig serum samples was determined by amperometry using a carbon
based screen-printed electrode (cSPE) housed onto a magnetic support. The
response was proportional to the logarithm of the antibody concentration comprised
between 0.0046 IU/mL and 0.175 IU/mL with a limit of detection of 0.0046 IU/mL.

2.1.2 Impedance Immunosensors

Electrochemical impedance spectroscopy (EIS) is an AC method that describes the
response of an electrochemical cell to a small amplitude sinusoidal voltage signal as
a function of frequency [90]. There are two classes of impedance sensors:

• Capacitive, where the electrode’s surface is completely covered by a dielectric
layer. The whole electrode assembly behaves as an insulator. In this type of
immunosensor, no redox probe is present in the measuring solution and the
capacitive current is measured under small amplitude sinusoidal voltage signal,
at low excitation frequencies (typically 10–1000 Hz). Immunointeractions are
expected to cause a decrease of the measuring capacitance since less polar
protein molecules replace water molecules from the electrode surface [91].

• Faradaic, where the electrode’s surface, which is partially or wholly covered by
a non-insulating layer, or partially covered by an insulating layer is able to
catalyze a redox probe, which exists in the measuring solution [90]. Here, the
measured parameter is the charge transfer resistance (the real component of
impedance at low frequency values, typically 0.1–1.0 Hz); antibody/antigen
(Ab–Ag) interactions are expected to cause an increase of the charge transfer
resistance, as the faradaic reaction becomes increasingly hindered. In general,
faradaic impedance immunosensors display a higher sensitivity to Ab–Ag
interactions [92].

A flow-injection capacitive immunosensor was developed for Cholera toxin
using a monoclonal anti-CT which bound the B subunit of CT [32]. The
immunosensor responded linearly to CT concentrations in the range from
1.0 × 10−13 to 1.0 × 10−10 M under optimized conditions. The limit of detection
(LOD) was 1.0 × 10−14 M. Here the capture antibody was covalently attached to the
alkylthiol self-assembled monolayer (SAM) on gold electrode. Capacitance mea-
surements were performed by inserting the modified gold electrode as a working
electrode in the flow cell. Another capacitive flow-injection system based on the
adsorption of anti-CT antibodies on AuNPs incorporated on a poly-tyramine-
modified gold electrode [69] with LOD limit of detection of 9 × 10−20 M (0.09 aM),
and a dynamic range between 0.1 aM and 10 pM in water. While providing
enhanced sensitivity in toxin detection, it seems that capacitive immunosensors are
more time-consuming compared to amperometric ones, requiring longer periods to
allow signal stabilization.
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2.2 Piezoelectric Imunosensors

The piezoelectric transducer allows a binding event to be converted into a mea-
surable signal, for example resonance frequency changes [87]. Quartz crystal
microbalance (QCM) is a bulk acoustic wave (BAW) sensor that measures the
change in frequency of a quartz crystal resonator induced by changes in mass and
viscoelastic properties at the QCM surface (e.g. the binding of target to an
immobilized bioaffinity agent) [51]. The resonance of the quartz crystal is moni-
tored using AC impedance which measures the shift in frequency and can be related
to the mass change [82]. A QCM assay for CT detection based on the CT-mediated
surface-agglutination of ganglioside (GM1)-functionalized liposomes was devel-
oped, in the absence of antibodies. The CT-specific agglutination at the surface of
the electrode modified with a GM1 supported lipid membrane was achieved via
spontaneous spread of the liposomes on a SAM of a long-chain alkylthiol. In the
presence of CT, the GM1-incorporated liposomes in assay medium rapidly agglu-
tinated at the electrode surface through the binding of CT to GM1 on the electrode
surface and the liposome interface. This results in a high mass loading on the
piezoelelctric crystal as well as a significant increase of density and viscosity at the
interface, thereby generating a decrease in frequency of the piezoelelctric crystal.
The LOD was 25 ng/ml of CT in serum. For each assay the stabilization of the
frequency shift needed around 40 min, again far more than in amperometric assay.
Surface acoustic wave (SAW) sensing is a related technique to QCM and is classed
in the broader group of acoustic wave devices. A surface acoustic wave represents a
mechanical acoustic wave that propagates to a confined area of a cut piezoelectric
crystal. The velocity and the amplitude of the wave are strongly dependent on the
changes occurring in the media near the surface [93]. SAW sensors are sensitive to
changes in the acoustic wave—modulation of surface (as opposed to the bulk)
induced by density, mass, viscosity and temperature. No SAW sensors were
reported as far as we know for BWA proteins but there are several promising works
reporting SAW detection for BWA bacteria and viruses [94–96] and also for
antibodies and other proteins in liquid samples [93, 97].

2.3 Optical Immunosensors

In optical biosensors, the immunoaffinity agent is immobilized onto the transducer’s
surface, thus responding to the interaction with the target either by generating an
optical signal (fluorescence, phosphorescence), or by undergoing changes in optical
properties, such as absorption, emission, reflectance and refractive index [51, 87].
A vast number of optical techniques (based on optical fiber- and planar waveguide
transducers) are used to create optical changes, e.g., fluorescence, luminescence,
total internal reflection fluorescence (TIRF), optical waveguide lightmode spec-
troscopy (OWLS), surface plasmon resonance (SPR), localized surface plasmon
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resonance (LSPR) and surface-enhanced Raman spectroscopy (SERS) [98, 99].
Among optical methods, SPR is the most used due its highly specific detection tools
without any labeling of the reagents [51] but less used for BWA proteins since it
cannot provide LODs below LD50. The phenomenon of color change induced by
the aggregation of AuNPs is widely used not only in colorimetric assays, but also in
LSPR-based assays [100]. We will discuss further the techniques amenable for the
fast screening of the BWA proteins.

2.3.1 Optical Fiber/Fluorescence-Combined Immunoassays

Fluorecence-based immunosensors sensors provide broad opportunities for multi-
analysis of BWAs. For example, a multiplexing approach was described by Pauly
et al. [101], for the simultaneous detection of BoNT/A,B ricin, abrin, and staphy-
lococcal enterotoxin B in milk, yoghurt, iced coffee and carrot juice, using a
suspension-bead-array-based optical (fluorescence) sensor. Toxin specific anti-
bodies were immobilized to magnetic beads that were differentially fluorescently
tagged. After mixing with homogenized samples, the beads containing toxin bound
to the capture antibody were magnetically isolated, concentrated and washed before
a secondary fluorescently labelled antibody was introduced. The assay required
only 50 μl of sample. The matrix interference reduced the sensitivity to low
nanogram per litre levels, but it was two to three orders of magnitude below the oral
LD50. BoNT serotypes A and B were detected in food and an animal sera using a
sandwich ELISA with electrochemiluminescence (ECL) immunoassay platform
developed by Meso Scale Discovery [102]. The reported LOD for BoNT/A was
3 pg/mL, and for BoNT/B 13 pg/mL. The ECL assay outperformed ELISA in
detection sensitivity in most of the food matrices spiked with BoNT/A and in some
foods spiked with BoNT/B. Another immunosensor exploiting the property of
quantum dots to transfer Förster resonance energy was developed for BoNT/A
detection Here, the generation of excitons (and consequently the emission light)
was enhanced by closely located fluorescent molecules from the antibody label
[103]. The LOD for BoNT/A was 5 pM in water. Less studies were dedicated to
plant toxins other than ricin, but it worth mentioning an ECL immunoassay for
abrin, based on a sandwich ELISA approach using magnetic microbeads as the
carrier of ECL labels [104]. The assay exhibited a LOD of 2 ng/ml with a 2–
200 ng/ml linear range.

One category of planar waveguide biosensors utilizes total internal reflection
(TIR) for analysis of biomolecular events. Total internal reflection occurs when a
propagating wave strikes a medium boundary at an angle larger than a particu-
lar critical angle with respect to the normal to the surface. If the refractive index
(RI) is lower on the other side of the boundary and the incident angle is greater than
the critical angle, the wave cannot pass through and is entirely reflected [98]. TIRF
sensors use the evanescent wave to excite fluorophores at the interface between the
waveguide and the lower RI medium (Fig. 6).
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Once light is coupled into the waveguide, TIRF occurs through excitation of
fluorophores within the evanescent wave, with little contribution or interference
from components in the bulk solution. CT, ricin and botulinum toxoids were
detected through TIRF planar waveguide arrays [105, 106] with LODs of 100 pg/ml
and 1 ng/ml, respectively. It can be shown that SPR does not compete with TIRF in
terms of sensitivity and LOD, since the SPR assay for BoNT/A provided a LOD of
1.0 × 10−11 M and a linear range from 1.0 × 10−9 to 1.0 × 10−6 M [32].

2.3.2 Surface-Enhanced Raman Scattering (SERS) Imunosensors

SERS is a technique that can be used to improve the Raman analysis. SERS can be
employed as a way to potentially lower sample fluorescence and enhance Raman
scattering coming from molecules which have been adsorbed on metal nanosized
structures, in particular Au, Ag or Cu [99, 107]; both of these effects lead to a much
improved limit of detection. A nanostructured metal substrate is used to enhance the
signal from an analyte in contact with the substrate. The type of metal and the shape
of the features of the nanostructure play an important role in the Raman signal
enhancement [99, 108]. A rapid method that combined immunomagnetic separation
(IMS) and surface-enhanced Raman spectroscopy (SERS) to detect ricin in whole
milk was developed [108]. IMS was used to specifically bind the ricin from the
milk. Then, SERS was applied to analyze the IMS eluate mixed with silver dendrite

Fig. 6 Schematic illustration of evanescent field generation resulted from total internal reflection
(TIR). TIR occurs when light (hν) is launched into a waveguide of RI n1, that is placed into a lower
RI (n2) medium at an angle of incidence larger than the critical angle (ψc). Under TIR conditions,
an evanescent field extends from the interface into the lower index medium (n2). The limited
penetration depth (dp) of the evanescent field (the distance at which intensity drops to 1/e of its
original value) can be used to interrogate minute changes in refractive index or excite fluorophores
(shown with asterisks) in close proximity to the surface (reproduced from [98] with permission of
Elsevier)
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nanosubstrates. This approach allowed a LOD of 4 μg/mL ricin in milk within
20 min, based on the results of principal component analysis and partial least
squares analysis. Portable Raman seems a feasible option for on-site detection in a
processing facility.

3 Immunoassay Implementation: Labelled Vs. Label-Free
Formats for the Detection of Proteins in Liquid Samples

The use of labelled immunoaffinity agents doesn’t always overcome matrix inter-
ference. In unlabelled systems, such as those using SPR, it is sometimes possible to
see the adsorption of the matrix components at the sensor surface as an unwanted
signal that overlaps the specific binding of the target. In labelled systems,
non-specific adsorption still occurs but, since the matrix component is not labelled,
it would appear that there is no matrix effect [80]. In reality, the matrix binding to
surface has not produced a signal but may prevent the specific interaction with
labelled protein, thus reducing sensitivity [40]. There are advantages and disad-
vantages in the use of fluorescently labelled immunoafffinity agents (antibodies and
receptors) over unlabelled equivalents. As an advantage is the possibility to increase
the assay sensitivity by choosing a dye with an intense signal and/or changing the
ratio of dye to binding protein. A larger ratio should increase the relative sensitivity
since the signal from the binding of a smaller amount of antibody will be increased.
The drawback include an additional labelling step that has to be well characterised
to provide a reproducible result using different batches of labelled binding protein.
Contamination with fluorescent biomolecules may also become an issue.

4 Solving Current Issues in High-Throughput Analysis:
Decreasing the Detection Limit and the Response Time
of the Sensor

A BWA sensor destined for POCT platforms will be required to have very low
detection limits. This purpose can be achieved by using biorecognition molecules or
surface chemistry which have higher equilibrium constants of binding, limiting the
non-specific binding and finally using more sensitive transducers. Aptamers are
molecules that display high affinity for proteins [40]. New aptamers can be pro-
duced through the SELEX method and can isolate new biorecognition molecules
with affinities higher than natural antibodies. For labelled biosensors, which employ
the sandwich ELISA the most common approach to increase the sensitivity of
transduction is to amplify the label signal, so that fewer labels being required for the
transducer to detect them. Enhancement of the label signal can be achieved through
quantum dots [55], electrochemiluminescent molecules [102] and dye labelled
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liposomes [86]. The response time is strongly depended to ability of the target to
diffuse to the sensing surface. Even in a small volume this could mean diffusing a
long distance on the molecular scale [40]. One solution is to use highly porous
transducers which allow the intimate mixing of the sample with the sensor. Highly
porous transducers without using conventional labels are currently investigated
[40, 109]. Porous silicon photonic crystals can be used as mirrors where binding
events cause changes in reflectivity. The high porosity can provide rapid responses
and the mirrors can have sharp reflectance peaks with subnanometer full width half
maximum [40].

5 Future Applications in Point-of-Care Systems

The key requirements for POCT devices start with the needs of their users, but
some features are common to virtually all users in all settings:

1. Simplicity of using
2. Reagents and consumables are robust in usage and storage
3. Results should be concordant with an established laboratory method
4. Devices, reagents and consumables are safe to use [110]

The main requirement for an immunosensor to be included on a POCT platform
is portability. Portable biosensors have been already applied to the analysis of food
contaminants, drug residues and airborne agents. We have shown that nanostruc-
tured electrochemical immunosensors are probably the most amenable to in situ
analysis in terms of selectivity, stability, response time, and reproducibility even if
are prone to matrix effects. On the other hand, optical sensors using labelled bio-
molecules overcome the effects of non-specific binding but are still difficult to
handle by unskilled personnel. There is also a common limitation to the use of
portable immunosensors: the power source. Real on-site testing would require
either the use of a dedicated battery or power delivered via a laptop connection,
both of which will limit the working time of the sensor depending on its power
consumption [80]. Another limitation, specific for food contaminant analysis, is the
necessity of sample preparation. Portable sensors are suitable for the analysis of
liquid samples such as milk, water and fruit juices, but when more complicated
sample preparation is needed (e.g. sample concentration), the sensor will be
restricted by the pre-analysis sample preparation which must be performed in a
laboratory [80]. Further research and financial efforts should be addressed to
developing faster and simpler methods of sample preparation.
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Voltammetric Electronic Tongue
for the Sensing of Explosives and
Its Mixtures

Andreu González-Calabuig and Manel del Valle

Abstract This chapter presents recent work with electronic tongues, that is sensor
analytical systems formed by an array of chemical sensors featuring low selectivity
plus a chemometric tool to process the complex multivariate data that is generated.
As the generic application covered is related to security, the described systems are
those devised to identify and detect explosive compounds. These are characterized
from their voltammetric features, whereas a particular fingerprint is used to identify
particular compounds alone, or, in a more advanced application, to resolve mixtures
of compounds, that is to quantify their presence in mixtures. Two are the main
approaches shown, a first from the use of a voltammetric screen printed electrode,
and a second one from an array of metallic electrodes. Detected compounds are
different nitro-based energetic compounds, and later, also the identification of
organic peroxide type compounds.

Keywords Electronic tongues � Voltammetry � Principal component analysis �
Artificial neural networks � Explosives

1 Introduction

Concerns relating to homeland security have given rise to increased research into
explosive detection as well as further developments for existing analytical tech-
niques to enable faster, more sensitive, less expensive and simpler determinations to
facilitate the trace identification of explosives.

Traditional security measures at airports include the use of metal detectors to
identify concealed weapons in conjunction with X-ray machines to inspect bag-
gage. One major problem is that explosive substances are not easily detectable
using conventional approaches and that in this context terrorist groups may avoid
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the use of metallic objects. Approaches to detect volatile substances, such as ion
mobility spectrometry in conjunction with swabbing, whilst in routine use, are
largely only suitable for the screening of items of hand baggage.

Research in connection with security has received increased attention, through
both the development of new, innovative detection approaches and through the
improvement of existing techniques. The most commonly used techniques include
Ion Mobility Spectrometry (IMS), Mass Spectrometry (MS), and Gas
Chromatography (GC) followed by detection using a sensitive detector. Most of
these devices are, however, rather bulky, expensive, and require time-consuming
procedures. Over those, IMS is one of the most widely adopted detection tech-
niques in routine use due to its ability to characterise the sample both qualitatively
and quantitatively. Because of the above limitations, such systems are deployed
only at strategic locations, e.g. airports or government buildings. Nevertheless,
further complications arise when one considers not only these placements, where
there is a reasonably controlled environment for sensing and detection, but also the
virtually uncontrollable entry points to public places, transportation, etc. or in field
use. Thus, to ensure security over those scenarios, mass deployment of miniature
sensors that are sufficiently sensitive and selective, inexpensive, and amenable for
mass production may be required.

Explosive compounds are widely used in warfare, mining industries, civil
constructions as well as terrorist attacks. Those are categorized in four major
classes: nitroaromatics, nitroamines, nitrate esters and peroxides according to their
chemical structures, as schematized on Fig. 1 [1]; from there, the most widely used
being 2,4,6-trinitrotoluene (TNT) or 1,3,5-trinitroperhydro-1,3,5-triazine (RDX).
Among them, special attention must be paid to peroxide explosives since those
compounds contain neither nitro groups nor aromatic functionalities, what makes
them difficult to be detected with the more established analytical methods used to
determine explosives [2]. That is, the challenge is that many current chemical
identification techniques are based on the nitrogen and carbon content of a sub-
stance for its identification, and this practice is not suitable for peroxide explosive.
Furthermore, the peroxide explosives are also not suitable for UV detection [3]
because of their lack of chromophores and their instability under illumination of
UV light—all necessary conditions for traditional detection procedures.

As an alternative, electrochemical devices are advantageous for addressing the
growing need for detection of various explosives, satisfying previously described
requirements [4]. In this direction, previous attempts were made to voltammetrically
detect the aforementioned compounds employing different types of electrodes such
as a bare screen printed electrode (SPCE), unmodified or modified gold electrodes
and modified glassy carbon electrodes (GCE). Although the detection of such
compounds can be achieved even at very low concentration levels, the main
challenge now is that common real-life explosives are usually mixtures of two or
more different explosive species. Therefore, it is interesting to discriminate between
individual compounds and to resolve their mixtures.
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On the other hand, voltammetric signals produced by these electrochemical
methods correspond normally to a global overlapped, multiple peak voltammo-
gram; i.e. there is a lack of specificity or identification of differentiated peaks for
each of the compounds. Thus, to correctly discover the relationships among all
variables and samples efficiently and to overcome the limitations found when
analyzing the data using only one or two variables at a time, it would be desirable to
process all of the data simultaneously, in this case with help of chemometrics.
Chemometrics is the discipline for extracting information from multivariate
chemical data using tools of statistics and mathematics. In our case, the used
techniques will be divided into two classes depending on the nature of the extracted
information, either qualitative methods such as principal component analysis
(PCA), linear discriminant analysis (LDA) or quantitative ones such as partial least
squares (PLS) or artificial neural networks (ANNs).

The methodology needed for this kind of work consists, then, of two main parts:
the development of the (bio)sensors responding to the species sought and the use of
the processing tools for the data treatment. In the case of sensors, different alter-
natives, which will be detailed later, have raised; however, in all cases, voltam-
metric sensors are the preferred technology if explosives are the target analytes. In
the case of the processing tools, the concept and principles of electronic tongues

Fig. 1 Chemical structures of important explosive compounds commercially available or used in
terrorist acts. The different nitro- compounds (i) 2,4,6-trinitrotoluene (TNT); (ii)
1,3,5-trinitroperhydro-1,3,5-triazine (RDX); (iii) N-methyl-N,2,4,6-tetranitroaniline (Tetryl); (iv)
Pentaerythritol tetranitrate (PETN); (v) octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) and
the peroxo- type (vi) triacetone triperoxide (TATP)
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will be used, which are a new relatively concept in analytical chemistry and on
which our group has a wide experience [5].

These two blocks will also mark the roadmap of any investigation in this area. At
an early stage we will mainly focus in the construction of the sensors first with
response towards the nitro and later to the peroxo compounds. After the selection of
the sensors that will be part of the electronic tongue, the different data treatment
options will be evaluated; finally, the applications will be devised, in which it can
be the detection of explosive presence, the identification of different types of
explosives and the resolution and quantification of mixtures of different explosive
substances, alone or in mixtures.

1.1 Detection of Explosives by Simple Voltammetry

As already mentioned, the development of electrochemical sensors for the detection
of explosive substances provides significant benefits and is experiencing constant
growth [6]. The main advantages of these types of sensors for on-field detection
include its high sensitivity and selectivity, a wide linear range, minimal space and
power requirements, and low-cost instrumentation. Moreover, both the sensor and
the instrumentation can be readily miniaturized to yield compact and user-friendly
hand-held meters for on-site (indoor and outdoor) testing [7].

In voltammetric sensors, there is a sweep in the potential applied to the working
electrode to generate an electron transfer reaction (usually the reduction) of the
explosive substance of interest, during which the current is measured. The inherent
redox activity of commercial explosives [8], such as nitroaromatic or nitramine
compounds, namely the presence of easily-reducible nitro groups, makes them ideal
candidates for voltammetric monitoring. What is needed, is to obtain their particular
voltammetric fingerprint, which is text used for its identification. Hence, electro-
chemical devices represent a promising solution for on-site explosives detection.

Upon selection of the measuring technique, the next step is the evaluation of the
different strategies/technologies for the obtention of the sensor array that will allow
the detection of the explosive compounds. In this direction, the most feasible
options are the use of:

• Composites, in this case based on conductive phases dispersed in polymeric
matrices. These materials combine the electrical properties of graphite with the
ease of processing of plastics (epoxy, methacrylate, Teflon, etc.) and show
attractive electrochemical, physical, mechanical and economical features com-
pared to the classic conductors (gold, platinum, graphite, etc.) [9]. The main
advantages derived from the use of composites include their ability to integrate
different materials that allow to improve the sensitivity and selectivity, the
flexibility in size and shape that they bring to their manufacture, the possibility
of polishing its surface to obtain fresh material for the next measurements
(obtaining reproducible results due to the composition of the “composite” being

64 A. González-Calabuig and M. del Valle



homogeneous), higher S/N ratio compared to pure conductors, which allows
lower detection limits to be achieved, etc. The electrodes in the sensor array may
incorporate catalysts, conducting polymers or nanoparticles in the composite
formulation, according to existing knowledge, in order to display differentiated
response.

• Screen Printed Electrodes (SPEs), which allow the miniaturization of the pre-
vious described system through the use of screen printed electrodes instead of
bulk composite electrodes; increasing in this manner, the portability of the
system, allowing disposable use, reducing the amount of sample required and
the manufacturing cost [10].

• Electropolymerized conducting polymers [11]. The high application potential of
conducting polymers in chemical and biological sensors is one of the main
reasons for the intensive investigation and development of these materials.
Although conducting polymers show almost no conductivity in the neutral
(uncharged) state, their intrinsic conductivity results from the formation of
charge carriers upon oxidizing (p-doping) or reducing (n-doping) their conju-
gated backbone. A process that can be done electrochemically, which addi-
tionally provides fine tuning of the doping level by adjusting the electrical
potential. Moreover, sensitivity of conducting polymers to organic molecules
(explosive compounds in our case) can be fine tuned based on the intrinsic
affinity of the polymer backbone, on the affinity of side groups or on binding to
immobilized receptors.

• Molecularly Imprinted Polymers (MIPs), also known as artificial antibodies, are
polymers formed in the presence of the molecule that we aim to determine
(template) and that at a later stage is removed, leaving a complementary cavity
in the polymer with affinity to the chosen template molecule [12]. Such poly-
mers present a high affinity towards the template molecule and can be used to
manufacture sensors with a similar recognition mechanism to antibodies,
therefore with a very high selectivity. Molecular imprinting is, in fact, making
an artificial tiny lock for a specific molecule that serve as miniature key.
Integration of MIPs with voltammetric sensors is feasible when the detected
molecules are electroactive, which is the selected case. Adsorptive stripping
techniques will be the ideal choice for improving detection limits to the sub-ppb
level.

• Molecularly imprinted Au nanoparticle composites. The idea in the construction
of these sensors is very similar to the previous one, but replacing the polymer
with gold nanoparticles [13]. The imprinting process involves the electropoly-
merization of thioaniline-functionalized gold nanoparticles on a thioaniline
monolayer-modified electrode in the presence of a carboxylic acid, acting as a
template analogue for the respective explosive. Then, the high affinity of gold
with thiol groups lead to the formation of an array of gold nanoparticles (similar
to the polymer matrix) in which cavities might be also generated due to the
presence of the template molecule.
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1.2 Improvement of Voltammetric Results with Use
of Chemometrics

After the data collection task, which typically involves several measurements made
on many samples, the next step is data processing. Voltammetric multivariate data
has traditionally been analyzed using one or two variables at a time. However, this
approach fails to discover the relationships among all variables and samples effi-
ciently. To overcome this, we must process all of the data simultaneously, in this
case with the help of chemometrics [14]. Therefore, in order to extract useful
information from what is not, and be able to interpret the data so they can be used in
useful prediction models, the use of multivariate processing tools such as in the case
of electronic tongues is required.

Electronic tongues are inspired by the sensory ability of taste in mammals, where
a few receptors can respond to a large variety of substances [5]. This principle
functions thanks to the complex data treatment applied in the brain, which allows
the quantification or classification of a large amount of substances. These biomi-
metic systems, opposed to conventional sensing approaches, are directed towards
the combination of low selectivity sensors array response (or with cross response
features) in order to obtain some added value in the generation of analytical
information. Moreover, once implemented and trained, the usage of such systems
facilitates its implementation as a screening/monitoring device since it does not
require of any technician presence. The pictorial concepts intervening in an elec-
tronic tongue are sketched on Fig. 2.

Multivariate analysis techniques allow disclosing the contribution of different
factors in a result [15]. These factors are related to the explanatory variables of the
system; in the case of electronic tongues these variables are usually determined

Fig. 2 The use of electronic tongue principles for the on-site detection of explosives and IEDs
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experimentally and are related to each of the sensors’ signals, while the response
variable is related to the presence of a compound or the concentration value to be
determined. The proposal and development of various methods based on mathe-
matical, statistical and formal logic calculations are intended to establish procedures
that allow to perform tasks such as the discrimination, quantification, classification
and systems modelling trying to use the most relevant information from the ana-
lytical data available. On that account, data analysis and pattern recognition are a
fundamental part of any electronic tongue system [5]. For the modelling, first, the
data is preprocessed in order to make it independent from units, remove redundant
information and to enhance signal-to-noise ratio. Following this, the model
describing the relation between readings and outputs is then created. A known
problem when voltammetric sensors are used is the large dimensionality of the
generated data which hinders their treatment, that is, when a complete voltammo-
gram is recorded for each sensor from the array. This is perhaps the main reason
why this approach is not the most frequently used in the literature; especially if
ANNs are to be used, in which case departure information needs to be preprocessed.
Although signal preprocessing is not always strictly necessary (e.g. the whole data
set may be employed in the case of PLS or PCA), it has been demonstrated that
even in these cases, its use improves model predictive behaviour. In this sense, an
attractive solution when dealing with a set of voltammograms is the use of a
preprocessing stage for data reduction prior to modelling [5, 16]. The main
objective of this step is to reduce the complexity of the input signal preserving the
relevant information and making it compatible with ANN or other numeric mod-
ellers, which facilitates an advantageous reduction in training time, to avoid
redundancy in input data and to obtain a model with better generalization ability.
This compression stage may be achieved by the use of methods such as PCA [17],
feature selection [18], “kernels” [19], discrete wavelet transform (DWT) [20] or
even fast Fourier transform (FFT) [21].

After applying the desired preprocessing method, the next step is the modelling
of the target variables using the obtained coefficients as inputs into the model stage.
Among the various numeric procedures that can be implemented, PCA, PLS and
ANNs are the most widely used for electronic tongue applications [5, 22].
Concretely, PCA is the most common one being used either as a qualitative
visualization tool or as a preprocessing step; whereas most advanced qualitative
modelling may be achieved with the use of PLS discriminant analysis (PLS DA),
linear discriminant analysis (LDA) or support vector machines (SVM) [23]. While
in the case of quantitative applications, easier models can be built either using
multiple linear regression (MLR) or principal components regression (PCR),
although better results can be achieved by using more powerful methods such as
PLS or ANNs. Lastly, the new trends in data analysis are mainly related to the use
of trilinear approaches such as PARAFAC for qualitative analysis, and multi-way
PLS (nPLS) for quantitative models.
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2 Systems Using a Single Sensor

Afirst attempt toperform thedetectionof explosive compounds involving thecoupling
of electrochemical measurements and advanced chemometric data processing was
realized fromvoltammetric signals obtained at a disposable carbon electrode, andwith
use of proper chemometric tools. Three nitro-containing compounds found in the
majority of explosive mixtures, namely hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX), 2,4,6-trinitrotoluene (TNT) and pentaerythritol tetranitrate (PETN) were
identified as individual energetic chemicals, and next, a quantitative application
was also illustrated with the resolution of their trinary mixtures.

Screen printed electrodes (SPCE) were prepared following the conventional
methodology previously described [8]. The electrochemical cell was formed by a
carbon working electrode, a carbon counter electrode and a silver pseudo-reference
electrode. Cyclic Voltammetry (CV) was the technique employed and a new
electrode was used for each sample. Figure 3 shows some of the obtained
voltammograms for the different mixtures of explosive compounds, as can be seen
complex and highly overlapped signals were observed. This kind of signals, which
exhibit different sensibility and selectivity, are an ideal departure point to be used in
an ANN application.

In order to evaluate the capabilities of the proposed system to distinguish
between different explosives, stock solutions of each of the pure compounds were
analyzed, also mixtures based on usual commercial formulations were also prepared
and measured. Hence, in this manner 10 different explosives mixtures were con-
sidered, the concentration of explosives was kept at 50 ppm for the case of pure
compounds like TNT, RDX, HMX, Tetryl and PETN. For the commercial explo-
sive mixtures like Semtex H (RDX:PETN at 1:1 ratio), Comp. B (RDX:TNT at 3:2
ratio), Comp. C-3 (RDX:TNT:Tetryl at 23:1:1 ratio), Pentolite (TNT:PETN at 1:1
ratio) and Tetrytol (TNT:Tetryl at 3:7 ratio) the total explosive concentration was

Fig. 3 Example of the voltammograms obtained for (a) 50 μg·mL−1 standard solutions of each of
the three explosive compounds under study and (b) mixtures of the three explosive compounds (all
concentrations are expressed in μg·mL−1). Reprinted from [24], with permission from Elsevier
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kept at 50 ppm.. All samples were prepared in triplicate and randomly measured
employing a new sensor each time. Therefore, the set of samples under study was
formed by 30 samples distributed in 10 different classes.

It is important to note that DWT was used as the feature extraction tool; PCA
was used for qualitative analysis of the results, while quantitative analysis and
classification was achieved by means of ANNs. DWT is a high performance signal
processing technique developed inspired in the Fourier transform, with the key
advantage over the latter of its temporal resolution: it captures both frequency and
location information (location in time). DWT is used for signal decomposition onto
a set of basic functions, obtained from dilations and translations of a unique
function called mother wavelet, the most commonly used being Daubechies wavelet
[25]. Transform is implemented using Mallat’s pyramidal algorithm [26], which
operates over a single discrete signal of length M by decomposing it into orthogonal
subspaces of length ca. M/2 in each step [20]. In this way, by repeating this
decomposition process n times, the signal compression ratio is increased at the
expenses of the accuracy in the signal reconstruction.

Principal Component Analysis (PCA) allows the projection of the information
contained in the original variables onto a smaller number of latent variables called
principal components (PCs) with new coordinates called scores, obtained after data
transformation. Plotting the PCs, one can view interrelationships between different
variables, and detect and interpret sample patterns, groupings, similarities or dif-
ferences [17]. As the PCA only is a visualization tool it has to be coupled with a
modeling tool to be used as a classifier.

ANNs are excellent modellers, that consist of a number of simple processing
units (also called neurons) linked by weighted modifiable interconnections [27],
originally designed to mimic the function of the human brain. ANNs work by
imitating the biological learning task, requiring a training process where the weights
of those connections are adjusted, to build a model that will allow the prediction of
the desired parameters. Such methods are known as supervised methods; the
training data consists of a set of training examples (a fraction of the set cases) which
are used to build the model plus an external set used to evaluate the performance of
the model, the test subset. The main advantages of ANNs include a high modelling
performance tool, particularly suited to non-linear sensor responses, and significant
likeness to human pattern recognition [5].

The combination of CV and chemometric data treatment such as PCA or ANNs
allowed the identification of each compound’s voltammetric fingerprint and solved
the problem of signal overlapping. To facilitate data treatment of information
contained in each voltammogram, a compression step was selected [30]. In this
specific case the reduction of the large data generated was achieved by means of
DWT [20]. This allowed the reduction of signals from each voltammogram down to
82 coefficients without any loss of relevant information and achieving a com-
pression ratio of 93.2 %. The obtained coefficients were used to build a model that
predicts the desired parameters, either the discrimination of different samples or the
quantitative resolution of the mixtures composition.
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As was previously commented a total of 30 samples were analyzed, corre-
sponding to triplicate measurements of 5 explosive compounds (HMX, PETN,
RDX, Tetryl, TNT) and triplicate measurements of 5 typical commercial mixtures
(C-3, Comp. B, Pentolite, Semtex, Tetrytol), with one complete voltammogram for
each sample. Afterwards, responses were preprocessed employing DWT and the
obtained coefficients were analyzed by means of PCA analysis and were grouped
using cluster analysis tools. After the initial representation of data, an ANN model
used with its binary output was used as classifier.

Upon completion of the PCA analysis, the accumulated explained variance was
calculated with the three first PCs as ca. 94.3 %. This large value shows that nearly
all the variance contained in the original data can be explained by just using the first
new coordinates. Different clusters were obtained and plotted, outlined in Fig. 4; in
this, observed patterns show evidence that samples are clearly grouped based on
explosives mixtures composition.

Analyzing the plot more thoroughly, some expected trends could be observed;
i.e. the fact that clusters corresponding to mixtures are located close to the
pure compounds forming those mixtures. For example, Comp. B samples are
clustered between RDX and TNT groups, or Tetrytol samples close to TNT and
Tetryl groups, etc. Hence, despite some overlapping regions between the different
pure compounds signals are observed, their fingerprints can be still distinguished
due to the differentiated sensitivity shown by the electrode.

To confirm the discrimination of the samples shown in the PCA plot, a classifier
based on a PCA-ANN model was built. The output of the ANN model was formed
by binary predictors (1/0) for each of the classes. As usual, the ANN configuration
first needed to be optimized. After some preliminary tests, the final ANN archi-
tecture model had 3 neurons (corresponding to the first three components of the

Fig. 4 Score plot of the first three components obtained after PCA analysis. A total of 30 samples
were analyzed corresponding to triplicate determinations of: RDX, TNT, PETN, Tetryl, HMX,
Semtex H, Comp. B, Comp. C-3, Pentolite and Tetrytol). Reprinted from [24], with permission
from Elsevier
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PCA) in the input layer, 6 neurons in the hidden layer and 11 binary (1/0) neurons
in the output layer (one for each class plus an unknown class) with logsig transfer
function connecting the three layers. The aim of including an unknown class in the
classifier model was to somehow avoid that other explosive compounds could result
in a misclassification [28].

The PCA–ANN model was trained with 67 % of the data (20 samples) and
evaluated using the information of the testing set (remaining 33 % of the data; 10
samples) in order to characterize the accuracy of the identification model and obtain
unbiased data. From the classification results, the corresponding confusion matrix
was built. Correct classification for all the classes was obtained (i.e., a classification
rate of 100 % for each of the groups), as indicated from the direct visualization of
the PCA analysis. The percentage of correct classifications was estimated, from
individual sample calculation in the test subset, as 100 %. The efficiency of the
classification obtained was also evaluated according to its sensitivity, i.e., the
percentage of objects of each class identified by the classifier model, and to its
specificity, the percentage of objects from different classes correctly rejected by the
classifier model. The value of sensitivity, averaged for the classes considered, was
100 %, and that of specificity was 100 %.

The quantitative resolution of mixtures of three explosive compounds was
evaluated (i.e. RDX, TNT and PETN) to provide a tool that would allow the
identification of the type of explosive, its quantification, and its specific composi-
tion. For this, a total set of 42 samples were manually prepared with a concentration
range for the three species from 0 to 200 μg·mL−1 for each of the nitro-containing
explosive compounds. The set of samples was divided into two data subsets: a
training subset formed by 27 samples (64 %), which were distributed in a cubic
design and used to establish the response model [18]; plus 15 additional samples
(36 %) for the testing subset, randomly distributed along the experimental domain,
and used to evaluate the model’s predictive response.

In order to prove the capabilities of the approach to achieve the quantification of
the explosive compounds, in addition to the qualitative identification of the com-
mercial explosive, mixtures of the main constituents (i.e. RDX, TNT and PETN)
were analyzed by means of CV. The voltammograms, as before, were compressed
employing DWT and obtained coefficients were used as inputs to an ANN model
[29].

The first step in building the ANN model is selecting the topology of the
network used. This is a trial-and-error process where several parameters (number of
neurons, transfer functions, etc.) are fine-tuned in order to find the best configu-
ration that optimizes the performance of the model [27]. The final ANN architecture
had 82 neurons (corresponding to the coefficients obtained from the DWT analysis)
in the input layer, 5 neurons and tansig transfer function in the hidden layer and 3
neurons and purelin transfer function in the output layer (one for each compound).

The accuracy of the generated model was then evaluated towards samples on the
external test subset by using it to predict the concentrations of explosives on those
samples. Subsequently, comparison graphs of predicted vs. expected concentration
for the three compounds were built, both for training and test subsets, to easily
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check the prediction ability of the obtained ANN model (Fig. 5). A satisfactory
trend is obtained for the three compounds observed in the figure, with regression
lines almost indistinguishable from the theoretical ones. As is usual in ANN
models, lower dispersion and uncertainties are obtained for the training subsets, as
expected taking into account that the external test subset data is not employed at all
for the modeling, so its goodness of fit is a measure of the model performance.

The figure also displays the resulting regression parameters of the obtained vs.
expected comparison graphs. A good linear trend is attained for all the cases, but
with improved correlation coefficients in the training subsets due to the lower
dispersion. Despite this, the results obtained for both subsets are close to the ideal
values, with intercepts ca. 0, and slopes and correlation coefficients ca. 1.

Fig. 5 Modeling ability of the optimized ANN. Sets adjustments of obtained versus expected
concentrations for (a) RDX, (b) TNT and (c) PETN, both for training (●, solid line) and testing
subsets (○, dotted line). Dashed line corresponds to theoretical diagonal line. Figure adapted from
[24], with permission from Elsevier
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In this way, it has been demonstrated how the combination of CV with chemo-
metric tools is an analytically powerful approach for the characterization and
detection of individual explosive substances and its mixtures commercially available.

This is particularly useful since it does not only allow the identification of typical
commercial mixtures, but also the quantification of the amount present and the ratio
of the mixtures analyzed. In this manner home-made nitro-containing explosives
and IEDs might be properly identified; this represents a major advantage compared
to the qualitative approach.

The proposed sensor coupled with chemometrics represents a qualitative method
to provide the identification of the voltammetric fingerprint of different explosive
mixtures commercially or manufactured, such as IEDs. This represents a viable
system with significant promise for in-field measurements given its simplicity,
rapidity and portability. Nevertheless, to fully achieve the correct identification of
almost all types of explosives, application of the proposed approach to the detection
of peroxide-based explosives is still required. Its increasing use has led to con-
siderable research into the detection of this group of improvised explosive sub-
stances; the challenge being that many current chemical identification techniques
are based on the nitrogen and carbon content of a substance for identification and
this practice is not suitable for peroxide explosive. In this context, electrochemical
sensors offer an opportunity to detect peroxide-based explosives that would
otherwise prove problematic.

3 Systems Using a Sensor Array

In a second application study, a voltammetric electronic tongue (ET) was developed
towards the simultaneous determination of both nitro-containing and
peroxide-based explosive compounds, two families that represent the vast majority
of compounds employed either in commercial mixtures or in improvised explosive
devices. The electronic tongue was formed by a multielectrode array constituted by
graphite, gold and platinum electrodes, which exhibited marked mix responses
towards the compounds examined; namely RDX, HMX, PETN, TNT, Tetryl and
triacetone triperoxide (TATP).

In this particular study, our aim was to obtain a miniaturized sensor array. Thus
the use of a quatrielectrode with inner counter and reference electrodes was pro-
posed. Platinum, silver, gold and epoxy-graphite 1 mm diameter discs were used as
electrodes. The metal electrodes were fabricated from its metal wires, the epoxy
graphite electrode was done mixing epoxy and carbon; the electrodes were encased
in inert epoxy resin using a PVC tube as the body [30].

To complete the electrochemical cell, a stainless steel tube was glued to the
cylinder multi-electrode and used as a counter electrode while, the Ag electrode was
converted into a Ag/AgCl pseudo-reference electrode. Figure 6 illustrates the
design of the quatrielectrode used. Thus, with this adaptation all the electrodes are
integrated in a small device suitable to be used in field applications, which in turn
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allows using a smaller sample volume, also making possible to perform drop
analysis.

As in the previous case, the set of samples was measured employing the mul-
tielectrode array to obtain a whole cyclic voltammogram for each of the sensors.
The electrochemical measurements were carried out at room temperature (25 °C)
under quiescent conditions. Some of those results are shown on Fig. 7. As can be
seen, complex and overlapped signals are obtained along the whole voltammogram
with differentiated signals obtained for the different kinds of sensors; this situation
is ideal to implement the electronic tongue approach.

In a first experiment, discrimination of different explosive compounds by means
of the electronic tongue was attempted. That is, to asses if the system presented
herein was able to carry out the identification of the most common explosive com-
pounds. For such purposes, we measured 18 samples, corresponding to 3 replicates
of each explosive compound (RDX, HMX, TNT, TATP, PETN and tetryl).

Fig. 6 Quatrielectrode used
during the measurements

Fig. 7 Cyclic voltammograms for arbitrary mixtures of the three explosive compounds (all
concentrations are expressed in μg·mL−1) for the graphite epoxy electrode (a), gold electrode
(b) and platinum electrode (c)
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To this aim, voltammetric responses obtained for the stock solutions of each of the
pure compounds were analyzed by means of PCA and grouped using cluster analysis
tools.

Upon the completion of the PCA analysis (Fig. 8), the accumulated explained
variance was calculated with the three first PCs as ca. 99.81 %. This large value
shows that nearly all the variance contained in the original data can be explained by
just using the first new coordinates. In addition, patterns in the figure evidence that
samples are clearly grouped based on each explosive compound, with replicas for
the same class one to each other. Moreover, the low dispersion of PETN, TATP and
RDX clusters shows a more reproducible behaviour. Nevertheless, despite the
bigger dispersion obtained for the others compounds there is no overlap between
clusters.

After the initial representation of the data, a fuzzy ARTMAP ANN model with
binary inputs (1/0) was used as classifier, which allowed quantification of the
classification performance system in contrast to PCA analysis which just provides a
visualization of the grouping regions.

The PCA-ANN model was trained with the 67 % of the data (12 samples) and
evaluated using the information of the testing set (remaining 33 % of the data; 6
samples) in order to characterize the accuracy of the identification model and obtain
unbiased data. From the classification results, the corresponding confusion matrix
was built. Correct classification for all the classes was obtained (i.e. a classification
rate of 100 % for each of the groups), as indicated from the direct visualizations of
the PCA. The percentage of correct classifications was estimated, from individual
sample calculation in the test subset, as 100 %. The efficiency of the classification
obtained was also evaluated according to its sensitivity, i.e. the percentage of each
class identified by the classifier model, and to its specificity, the percentage of
objects from different classes correctly rejected by the classifier model. The value of

-1e-6

-8e-7

-6e-7

-4e-7

-2e-7

0

2e-7

4e-7

-5,0e-6

0,0

5,0e-6

1,0e-5

1,5e-5

-2e-6
-1e-6

0
1e-6

2e-6
3e-6

P
C

3 
(0

.2
94

%
)

PC
 1

 (9
5.

26
%

)

PC2 (4.26%)

HMX

PETN

RDX

TATP

Tetryl TNT

Fig. 8 Score plot of the first
three components obtained
after PCA analysis

Voltammetric Electronic Tongue … 75



sensitivity, averaged for the classes considered, was 100 %, and that of specificity
was 100 %.

Next, a quantification study case was also attempted. When designing an
experimental involving quantification of compounds, a first consideration is the
definition of the experimental domain, i.e. the range of concentrations for each
analyte of interest. In our case, the experimental design used for the construction of
the ANN model was a factorial design with three levels and three analytes (33)
which gives a total of 27 samples used to build the model (training subset). Once
defined our experimental design and the number of samples required to build the
model, its performance will be evaluated with an external subset of samples (testing
subset). Those test samples are randomly distributed along inside the limits of the
experimental domain as can be seen in Fig. 9. In this case the concentration ranged
from 0–165 µg·mL−1 for TNT and tetryl, and 0–300 µg·mL−1 for TATP; 10
random samples were used for the testing subset.

A known problem when voltammetric sensors are involved is the large dimen-
sionality of the generated data (samples x sensors x polarization potentials) which
hinders their treatment: especially if ANNs are to be used, in which case departure
information has to be preprocessed. In this fashion, prior to building the quantifi-
cation model the removal of less significant coefficients that barely contribute to the
network was carried out by means of causal index (CI) pruning inputs [16, 31].

Briefly, CI is based on the usage of ANNs as feature selection tools, aimed to the
selection of an optimal set of inputs that can successfully classify or predict the
desired outputs. To this end, an ANN model is built employing the whole set of
variables, followed by the determination of the contribution and relevance of each
of the network inputs to the variance in the output layer. This can be achieved with
the analysis of its connection weights, which allows to easily identifying the
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important inputs since inputs that make relatively small contributions indicate that
the input does not change significantly; and therefore, can be discarded, viz. pruned.
Afterwards, selection of the most relevant inputs can proceed until a near-optimal,
small, set of inputs is identified by repeating the training process of the ANN model
with the reduced input set and selecting the most relevant ones each time. Finally,
once the reduced set of inputs is identified, optimization of ANN architecture can
proceed as usual [27].

The accuracy of the generated model was evaluated towards samples of the
external test subset by using the built model to predict concentrations of the
explosives of those samples. To evaluate the performance of the different models,
its normalized root mean square error (NRMSE) for each combination of the
transfer functions used in the hidden and output layers, and the number of neurons
in the hidden layer.

NRMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

ij
ðxexpected�xobtainedÞ2

k�n�1

r

xmax � xmin
ð1Þ

Thus, the optimum topology will be the one that also gives the lowest NRMSE
value. As it can be seen in Fig. 10, by plotting the total NRMSE versus the number
of inputs gives a clear view of the performance of the model.

Hence, once the predictors data matrix was obtained, the next step was the
optimization of the ANN as previously done. In this case, the resulting ANN model
has 48 neurons in the input layer (corresponding to the relevant data points pre-
viously selected), 8 neurons and logsig transfer function in the hidden layer, and 3
neurons and purelin transfer function in the output layer, providing the concen-
trations of the three species considered.
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Comparison graphs of predicted vs. expected concentration for the three com-
pounds were built, both for training subset and testing subset. Table 1 shows the
regression parameters for each compound in the training subset and the test subset.
As can be seen in the plots (Fig. 11) a good linearity is achieved for all the cases,
with better correlation in the training subset and less NRMSE. For the test subset,
that is the one that really shows how the model is performing; the regression
parameters are also close to the ideal values. Thus, in both subsets the intercepts are
close to 0, and the slopes and the correlation coefficients close to 1.

Table 1 Results of the fitted regression lines for the obtained versus expected values for the
samples of the training and testing subsets and the three considered explosive materials (intervals
calculated at the 95 % confidence level)

Training subset

Explosive Correlation
(r)

Slope Intercept
(µg·mL−1)

NRMSE Total
NRMSE

TNT 0.997 0.984 ± 0.030 1.4 ± 3.2 0.031 0.031

Tetryl 0.997 0.980 ± 0.030 1.7 ± 3.2 0.032

TATP 0.998 0.981 ± 0.028 2.8 ± 5.6 0.030

Testing subset

Explosive Correlation
(r)

Slope Intercept
(µg·mL−1)

NRMSE Total
NRMSE

TNT 0.979 0.981 ± 0.166 2.2 ± 14.9 0.063 0.091

Tetryl 0.929 1.038 ± 0.337 5.4 ± 30.8 0.135

TATP 0.945 0.959 ± 0.269 1.2 ± 44.7 0.080

NRMSE Normalized root mean square error

Fig. 11 Test plots of
predicted versus expected
concentrations for TNT (○,
dashed line), Tetryl (Δ, dotted
line) and TATP (□,
dashed-dotted line)
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Based on these results, we can confirm that the model is able to predict the
concentration of the 3 individual compounds in a mixture sample with good per-
formance. However, results show that the tetryl and the TATP show a bigger
dispersion and that affects the regression parameters of these compounds.

The analysis of samples was based on the combination of cyclic voltammetry for
the extraction of the fingerprints of the individual components and mixtures of these
species, coupled with chemometric tools that allowed the resolution of signal
overlapping and identification of the different compounds. The resolution and
quantification of ternary mixtures was achieved employing an artificial neural
network model. Obtained results suggest that voltammetric electronic tongues could
be of application for the detection in real explosive formulation samples and a good
candidate for homeland security applications.

4 Concluding Remarks

To summarize, these two application cases have shown how the voltammetric
sensor systems used can be used as qualitative methods to provide the identification
of the voltammetric fingerprint of different explosive mixtures commercially or
manufactured, such as IEDs. The systems are also capable to detect peroxide
compounds, due to their difficulty of detection its use has been increased and has
led to considerable research into the detection of this group of improvised explosive
substances; the challenge being that many current chemical identification tech-
niques are based on the nitrogen and carbon content of a substance for identification
and this practice is not suitable for peroxide explosives. In this context, electro-
chemical sensors offer an opportunity to detect peroxide-based explosives that
would other-wise prove problematic. Alternatively, quantitative determination
applications to determine explosives in mixtures can be also developed.

The results suggested that voltammetric electronic tongues could be of appli-
cation for the detection of real explosive formulation samples and a good candidate
for homeland security applications; leading to a new generation of on-site field
deployable explosive detectors. These may be massively used, and with wireless
communication allow for complete networked areas, even regions to prevent by
their trace detection the approach of any of the considered substances.
Alternatively, from environmental concerns, any affected area by these compounds
may employ the described analytical systems a starting point for the monitoring of
state and evolution of already polluted scenarios or the ones being remediated.
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Magneto Actuated Biosensors
for Foodborne Pathogens and Infection
Diseases Affecting Global Health
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Soledad Carinelli and Salvador Alegret

Abstract Infectious diseases are responsible for hundreds of thousands of deaths
and an enormous burden of morbidity worldwide. Although most of these major
infectious diseases are treatable, the accurate and rapid identification of the
pathogens remains a major issue to disease control, since the incidence of infectious
disease would be reduced if appropriate diagnostic tests were more widely available
in the developing world as well as in low-resource settings in the developed world.
Strong research efforts are thus being focused on replacing standard diagnostic and
monitoring methods, by affordable and sensitive tests able to be performed at the
community and primary care level. The development of new methods that are
needed includes solid-phase separation techniques. In this context, the integration
of magnetic particles within bioassays and biosensing devices is very promising
since they greatly improve the performance of the biological reaction. The diag-
nosis of complex samples with magnetic particles can be easily achieved without
any purification or pretreatment steps often required for standard methods, sim-
plifying the analytical procedures. The target can be thus specifically preconcen-
trated from complex matrixes by magnetic actuation, increasing the specificity and
the sensitivity of the assay. This chapter addresses these promising features of the
magnetic particles for the detection of biomarkers in emerging technologies related
with the major problems facing the global health, including pathogenic bacteria
occurring in food outbreaks, in order to ensure safety in food and water supplies in
low resources settings, as well as major global infection disease in low-incomes
countries, such as malaria or AIDS.
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1 Introduction

1.1 Global Health: A Challenge for Key Enabling
Technologies

Converging technologies result from the synergistic merging of nanotechnology;
biotechnology, information technology, and cognitive science (NBIC) [1].
Information and communication technology helped produce the profound trans-
formation of daily life in the 20th Century. Biotechnology is transforming agri-
culture, medical diagnosis and treatment, human and animal reproduction while the
impact of nanotechnology is under intensive assessment. Recently the EU identified
nanotechnology, advanced materials, industrial biotechnology, among others, as
‘cross-cutting’ KETs (acronym of Key Enabling Technologies), which are tech-
nology bricks that enable a wide range of applications [2]. The convergence and
integration of these profoundly transformative Key Enabling Technologies is the
first major research initiative of the 21st Century due to their potential for solving
societal challenges. Despite the impact of the KETs in daily life, the burden of
infectious disease is still an issue, affecting global health.

Annually, just under 5 million people die from AIDS or complications related to
AIDS and tuberculosis, 2.9 million from enteric infections and 1 million from
malaria [3]. Globalisation and population movement have accelerated the spread of
infectious disease outbreaks around the world that initially were geographically
localised [4]. In most cases, early diagnosis and treatment can interrupt the trans-
mission of the infectious agent and prevent the development of long-term
complications.

These infectious diseases are treatable, and access to drugs has improved
markedly over the past decade with the advent of drug-access campaigns,
mass-treatment programmes and public resources promoting by the United Nations
Millennium Development Goals towards Global Health. Global health is defined as
‘the area of study, research and practice that places a priority on improving health
and achieving equity in health for all people worldwide’ [5]. It was also defined as
‘public health without borders’ [6]. Most global health centers are in high-income
EU countries with strong links with low-income countries [7], due to the investing
support of the European Parliament in R&D for global health. By supporting this
essential and challenging area of European innovation, is also possible to strengthen
the EU economy, providing a competitive advantage for European industry and
research. Improving the health not just of Europeans but globally will have positive
effects on health systems, employment, and global health security [6].

However, and despite this major initiative, the need for accurate identification of
the agents affecting global health remains a major stumbling block to disease
control, and the burden of infectious disease could be substantially reduced if
appropriate diagnostic tests were more widely available.
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1.2 Traditional Methods for the Detection of Food Borne
Pathogens and Infection Diseases

Conventional microbiological culture techniques are currently the gold standard for
isolation, detection, and identification of microorganisms, usually involving a
morphological evaluation of the microorganism as well as tests for the organism’s
ability to grow in various media under a variety of conditions. These methods are
time-consuming, consisting in the following steps: pre-enrichment, selective
enrichment, selective plating, biochemical screening and serological confirmation.
Although they are considered to be reliable, they are also laborious and might
introduce sampling and enumeration errors at low bacteria concentration [8]. One of
the main drawbacks of conventional culturing relies on the fact that some of the
microorganisms are slow growing or extremely dangerous, requiring special safety
facilities. In these instances, identification is determined by the serological detection
of the immune response (antibodies) against the infectious agent. More recently,
standard culture-based pathogen detection methods have been refined and even
improved, with an eye towards reducing the time to detection. This is generally
done by replacing the selective and differential plating step with more rapid
immunological or molecular-based assays. Among these, the Immunological assays
(IAs), DNA hybridisation, and polymerase chain reaction (PCR) methods should be
highlighted. IAs rely on the specificity of the antigen antibody recognition, being
suitable for the detection of whole range of agents affecting global health. In
particular, Enzyme Linked ImmunoSorbent Assays (ELISAs), such as sandwich
with direct and indirect enzymatic labelling are the most common formats used for
the detection of pathogens. Therefore, IAs are advantageous for decreasing the
assay reaction time in comparison with microbiological culturing techniques, pro-
viding also the possibility of being easily integrated in automated equipments,
which consists an important advantage for many applications. Moreover, ELISA is
widely used in clinical diagnostics for the detection of a broad range of biomarkers
due to its relatively robustness, versatility and high-throughput. ELISA methods
have been approved by regulatory agencies, being commercially available.
Nevertheless, the efficiency of an immunoassay is strongly dependent on the
antibodies affinity and specificity towards the target. The risk of antibody cross
reactions consists of a disadvantage of immunological assays by increasing the
possibility of false positive results or high background signals [9]. Moreover, the
good performance of this assay depends on operator skills. For instance, in the case
of foodborne pathogens, the limit of detection (LOD) are normally in the range of
104 and 105 CFU mL−1 and the assay time can take around 48 h, since a
pre-enrichment step is commonly required in order to achieve the threshold limits
for the presence of the bacteria on food samples [9].

The development of molecular diagnostic techniques represents a great advance
in the diagnosis and follow-up of infectious diseases [10]. Nucleic acid-based
detection may be more specific and sensitive than immunological detection. Nucleic
acid amplification methods include end-point polymerase chain reaction (PCR) and
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real-time PCR (qPCR) for single or multiplex detection. PCR allows the production
of multiple copies of DNA from the amplification of a single copy or a few copies
of a DNA template. Due to its high sensitivity, nucleic acid amplification has been
widely used for the identification and detection of pathogens, being considered as
an alternative to conventional microbiological culture techniques.

Furthermore, PCR can be easily coupled to enhance the sensitivity of nucleic
acid-based assays, especially for slow growing or hazardous microorganisms.
Reverse transcriptase polymerase chain reaction (RT-PCR) has also played an
important role in diagnosing RNA-containing virus infections. As occurred in the
immunological assays, PCR methodologies for foodborne pathogens usually
require an enrichment step, being able to detect, for instance in the case of
Salmonella, few CFUs in 25 g of food product. The fact that this methodology
does not discriminate between live of dead bacteria are pointed out as the main
limitations [11].

Hence, it was shown that traditional methodologies can be sensitive for food
microbiological control and infection diseases. However, they are relatively com-
plex, and therefore technically demanding and costly, requiring skilled personnel,
regular maintenance or reliable electric supply. Therefore, new methodologies are
needed for low-resource settings, accordingly to the ASSURED recommendation
published by World Health Organization (WHO), this acronym being defined by
Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equipment free,
and Deliverable to those who need it [3], as it will be discussed in the next section.
Beside all these challenges in diagnostic tests in low-resource settings, the same
technology would be very useful for point-of-care in small health centers in middle
and high-income countries for getting the result back at the moment, as well as for
following-up and prescribing the correct treatment without delay avoiding thus high
test turnaround time.

1.3 Technical Challenges in Diagnostic Tests
in Low-Resource Settings

Global health diagnostic tests must have low complexity without any lost in
diagnostic accuracy in a format that is practical in low-resource settings. The
complexity of a test includes the need for user interpretation, the level of training
necessary, the number of manual manipulations, the number of user intervention
steps required, and the instrumentation requirement [12]. In this direction, the FDA
defines the characteristics that a simple test for the near-patient diagnostic should
ideally have [13]. Interestingly, a quick reference instruction sheet that is written at
no higher than a 7th grade reading level is recommended. As previously stated, the
characteristics of new platforms for diagnostics to meet the United Nations
Millennium Development Goals related with global health for reducing the burden
of disease are summarized under the acronym ASSURED defined by the WHO
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(Affordable; Sensitive; Specific; User-friendly; Rapid and Robust; Equipment-free;
and, Delivered to those who need it).

The development of novel diagnostic platforms to meet the WHO requirements
should therefore be focused on: (A) Cost-effective emerging technologies such as
biosensors, lateral flow and agglutination tests, appropriate for application at
community and primary-care level as well as in low resource settings; (SS) novel
diagnostic targets and disease biomarker development, to achieve specificity (no
false positives) and sensitivity (no false negatives); (U) analytical simplification in
order to minimise pipetting, washing steps and manipulation of reagents to provide
analytical tools requiring minimal training for final users; (R) robust tests, portable
and stable at room temperature, able to provide rapid results and to enable taking
actions immediately such as treatment at first visit; (E) bench-top and high cost
instrumentation should be avoided and visual detection should be prioritised;
(D) biomarkers should be selected from the major problems facing global health,
including pathogenic bacteria occurring in food outbreaks, in order to ensure safety
in food and water supplies in low resource settings, as well as major global
infection disease such as AIDS and malaria, dengue, influenza and tuberculosis in
low-income countries. To meet the demands, the dominant format currently in use
is lateral-flow immunochromatographic immunoassay strip tests. Despite the poor
sensitivity levels and the high reported LODs [14] generally observed for this
technology, many methodological improvements has been done [15–18]. As
complexity increases ranging from agglutination [19, 20], lateral flow [16], ELISA
[21–23] and PCR [24], sensitivity and specificity also increase but so do cost and
turnaround time, as well as the need of instrumentation [25]. The main challenge in
bioanalysis is thus to provide low-cost yet simple methods wit any loss in the
analytical performance and test accuracy [3].

As previously discussed, the amplification of target nucleic-acid sequences using
techniques such as PCR can improve test sensitivity up to 100-fold over antigen
detection tests, such as ELISA. However, the first generation of nucleic-acid
amplification technologies requires instrumentation for temperature cycling [12].
Single-temperature or isothermal amplification has been developed and can be
adapted to a point-of-care format [26, 27]. Improved efficiency of detection systems
must also be achieved, using novel hybrid bionanomaterials or signal amplification
strategies [28–30]. These bionanomaterials, including nanostructured carbon mate-
rials, inorganic nanoparticles (i.e., semiconducting, noble metal and magnetic
nanoparticles), among others, appears to be keys in multiplex detection enhancing
the biological reactions, providing high selectivity and improving the LODs [31–34].

A prominent development trend in recent years has been to miniaturize or
integrate existing diagnostics into a biosensors devices or lab-on-a-chip [30, 35,
36]. These strategies potentially solve many issues by lowering test complexity in a
platform that would be practical at the point of care. Cost is also reduced by using
lower reagent volumes that would be housed and stored in a kit format. Microfluidic
systems provide several advantages such as portability, lower reagent consumption,
rapidity and possibility for automation. Usually, these systems are combined with
agarose gel electrophoresis for DNA analysis, but they can also be coupled with
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other platforms [37]. The cost of production of microfabricated devices, requiring in
most cases bench-top equipment for the readout, still constitutes a bottleneck and
may put them out of range for end users in the developing world.

Biosensors are analytical devices, incorporating a bioreceptor in contact with a
transducer. Despite the massive use of glucose biosensors with electrochemical
transduction, examples of other commercial devices for applications including
diagnosis of infection diseases are currently very limited. Although instrumentation
may be required, it should be designed to be low maintenance, battery operated, and
low cost [13].

Besides the progress in emerging technologies for diagnosis, the study of novel
biomarkers for the early detection of infectious diseases is a worldwide challenge
[38]. The WHO has defined a biomarker as ‘almost any measurement reflecting an
interaction between a biological system and a potential hazard, which may be
chemical, physical, or biological’ [39]. The measured response may be functional
and physiological, biochemical at the cellular level, or a molecular interaction [40].
The identification of novel biomarkers represents a challenge not only for the
improvement of early diagnostics, but also for patient monitoring and for evaluation
of the efficiency of a therapeutic strategy. Biomarkers are also very promising
candidates in achieving customisation of healthcare for personalised medicine.

To summarize, some of the new diagnostic tests that are needed are already on
the market, but have not been adequately validated. In other cases, diagnostic
targets and biomarkers have been identified, and it seems likely that an adequate test
could be developed using existing technology. In these two cases, feasibility is high
[3]. In other cases, the biomarkers have not yet been identified and, feasibility is
thus low.

2 Magnetic Particles in ASSURED Diagnostic

Novel development in diagnosis that is needed involves preconcentration proce-
dures on solid supports which can be easily integrated with emerging technologies.
Microorganism and biomarkers in complex samples can be thus preconcentrated
while the interfering matrix is removed at the same time, increasing the sensitivity
and the specificity of the test. One of the most prominent materials to meet this
challenge is magnetic particles (MPs) [41]. MPs can be tailored to specifically bind
the biomarkers and concentrate them from the complex specimen under magnetic
actuation, avoiding interference before testing [42–44].

Magnetic particles have been commercially available for many years. Nowadays
several companies offer a wide range of products based on MPs, such as
Adembeads® [45], Dynabeads® [46], BioMag® [47], SiMAG® [48], MACS®
[49], among many others, which are widely used in laboratories to extract and
preconcentrate desired biological components, such as cells, proteins, organelles or
DNA, from a liquid. As shown in Fig. 1 they consist of an inorganic core of magnetic
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materials such as iron, nickel, cobalt, neodymium–iron–boron, samarium–cobalt or
magnetite coated with polymer to confer stability (such as polystyrene, dextran,
polyacrylic acid, or silica), which can be modified with functional groups to make
subsequent conjugations easier. Although there are commercially available MPs
already functionalised with biomolecules for a variety of bioanalytical and
biotechnology applications, they can be modified with specific receptors, using
surface chemical groups such as tosyl, amine, carboxyl or epoxy, for the
identification/isolation of biomarkers including whole organisms, proteins and
peptides, antibodies, DNA, among others [50]. Hence, magnetic particles can be
tailored-modified with a whole range of ligands, including peptides, small mole-
cules, proteins, antibodies, and nucleic acids.

Magnetic particles can have any size from a few nanometers up to a few
micrometres. Nano-sized particles (5–50 nm) are usually composed of a single
magnetic core with a polymer shell around it. Larger particles (30 nm–10 mm) are
composed of multiple magnetic cores inside a polymer matrix. These particles can
be used for efficient transport, faster assay kinetics, improved binding specificity
and as labels for detection [51].

Fig. 1 Schematic representation of magnetic particles (a), activated with functional groups
(b) and conjugated to biological molecules (c)
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In the last decade, extensive research has been done on the integration of micro-
and nanomaterials in magneto actuated platforms. In particular, superparamagnetic
particles are highly attractive to be used in magneto-actuated devices due to their
capability to magnetise under an applied magnetic field. Thus, the particles can be
separated easily from the liquid phase with a small magnet, but can be redispersed
immediately after the magnet is removed [52]. They confer a number of benefits,
including easy separation and suitability for automation. When coated with
recognition molecules, MPs are ideal for efficient capture and separation of the
target. Unwanted sample constituents may be washed away, following a simple
magnetic separation step.

In particular, antibody-coated superparamagnetic particles are used for the
immunomagnetic separation (IMS) of proteins, viruses, bacteria and cells.
Immunomagnetic separation has been proven to be a very efficient method for
separating target from complex samples including food or biological samples such
as whole blood. Several procedures may be used for subsequent final detection,
raging from conventional culturing, microscopy, impedance technology, ELISA,
latex agglutination or DNA hybridisation involving amplification techniques.
Since IMS can be used in conjunction with different readout technologies, it is
expected that several automated analytical procedures will make use of this potent
technique in the near future [53, 54].

To summarize, the integration of MPs can simplify the analytical procedure,
avoiding the use of classical centrifugation or chromatography separation strategies,
since no pre-enrichment, purification or pretreatment steps, which are normally
used in standard analytical methods, are required. Moreover, their use as solid
support in bioassays has been shown to greatly improve the performance of the
biological reactions.

3 Electrochemical Biosensors

The development of biosensors is a growing area, in response to the demand for
rapid real-time, simple, selective and low cost techniques for analysis. Biosensors
are compact analytical devices, incorporating a biological sensing element, either
closely connected to, or integrated within, a transducer system. The combination of
the biological receptor compounds (antibody, enzyme, nucleic acid) and the physical
or physico-chemical transducer producing, in most cases, “real-time” observation of
a specific biological event (e.g. antibody–antigen interaction) [55]. Depending on the
method of signal transduction, biosensors can also be divided into different groups:
electrochemical, optical, thermometric, piezoelectric or magnetic [56]. They allow
the detection of a broad spectrum of analytes in complex sample matrices, and have
shown great promise in areas such as clinical diagnostics, food analysis and envi-
ronmental monitoring [57, 58]. The sensitivity of each of the sensor systems may

90 M.I. Pividori et al.



vary depending on the transducer’s properties, and the biological recognizing ele-
ments. An ideal biosensing device for rapid diagnostic should be fully automated,
inexpensive and routinely used both in the field and the laboratory. Optical trans-
ducers are particularly attractive as they can allow direct “label-free” and “real-time”
detection, but they lack of sensitivity. The phenomena of surface plasmon resonance
(SPR), has shown good biosensing potential and many commercial SPR systems are
now available. The Pharmacia BIAcore™ (a commercial surface plasmon resonance
system) is by far the most reported method for biosensing of molecular contaminants
in food and it is based on optical transducing [59, 60]. The detection of food
pathogens by SPR, however, do not reach the required LOD to allow food safety
without performing a preenrichment step [61].

Electrochemically based transduction devices are more robust, easy to use,
portable, and inexpensive analytical systems [62–64]. Furthermore, electrochemical
biosensors can operate in turbid media and offer comparable instrumental sensi-
tivity. The electrochemical measurement system is highly sensitive, cheap, and has
already been available in portable formats. Even the advanced pulsed, voltammetric
and galvanostatic techniques are available in hand-held instruments from several
companies: PalmSens and EmStat (Palm Instruments), mStat (DropSens), PG581
(Uniscan Instruments), 910 PSTAT mini (Metrohm), as well as other prototypes
designed in laboratories [65]. As the measuring element, the screen-printed elec-
trodes (SPE) are widely applied due to easy and reproducible fabrication at both
laboratory and mass production scales [66, 67]. The suppliers of SPEs include
companies such as BVT Technologies, DropSens and The Gwent Group. However,
researchers can print the sensing patterns themselves using commercial inks and
pastes or even using custom mixtures containing carbon nanotubes [68] and metal
nanoparticles [69] for enhanced response.

Rigid conducting graphite-epoxy composites (GEC) based on graphite
microparticles have been extensively used in our laboratories as electrochemical
transducer and shown to be suitable for electrochemical (bio)sensing due to their
unique physical and electrochemical properties [70]. Carbon composites result from
the combination of carbon with one or more dissimilar materials. Each component
maintains its original characteristics while conferring upon the composite distinc-
tive chemical, mechanical, and physical properties. The user’s ability to integrate
various materials is one of their main advantages.

An ideal material for electrochemical biosensing should allow the effective
immobilization of bioreceptor on its surface, a robust biological reaction between
the target and the bioreceptor, a negligible non-specific adsorption of the label, and
a sensitive detection of the biological event. GECs fulfill all these requirements.
Other advantages of GEC-based biosensing devices over more traditional
carbon-based materials are: higher sensitivity, robustness, and rigidity in addition to
greater simplicity of preparation. Additionally, the GEC surface can be regenerated
by a simple polishing procedure. Unlike carbon paste and glassy carbon, the
malleability of the GEC material before the curing step permits different
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configurations with respect to shape and size which are then fixed after the curing
step. Moreover, the surface of the composite can be easily modified by dry and wet
adsorption of the bioreceptor (DNAs, oligonucleotides, proteins, antibodies),
yielding a reproducible and stable layer of bioreceptor on the transducer surface
[71] that can be used in electrochemical detection.

An additional interesting property of GECs is their biocompatibility. This feature
allows not only adsorption but also integration of the bioreceptor into the bulk of
the GEC without subsequent loss of the receptor’s biological properties, thus
generating a rigid and renewable transducing material for biosensing, namely, a
graphite-epoxy biocomposite (GEB). With the bioreceptor integrated within its
bulk, the biocomposite acts as a reservoir for the biomolecule while retaining all the
interesting electrochemical and physical features previously described for GECs.
The main advantage of GEBs is that they can be easily prepared by adding the
bioreceptor to the composite formulation using dry-chemistry techniques, thereby
avoiding tedious, expensive, and time-consuming surface immobilization proce-
dures. Moreover, the surface of GEB electrodes can be easily modified with DNA,
oligonucleotides, proteins, antibodies for electrochemical detection.

The use of affinity proteins such as avidin, protein A or protein G, in the
biocomposite provides a robust platform for the oriented immobilization of DNA or
immunospecies that improves the performance of the electrochemical biosensing
devices by ensuring exposure of the bioreceptor to the complementary sites of the
target molecule [72, 73]. After its use, the electrode surface can be renewed by a
simple polishing procedure, thus allowing multiple uses—a further advantage of
these materials with respect to surface-modified approaches such as classical
biosensors and other common biological assays.

The integration of gold nanoparticles in a graphite-epoxy composite
(nanoAu-GEC) has been also proposed as an alternative to continuous gold surfaces
films as this strategy avoids the need for stringent control of surface coverage
parameters during immobilization of thiolated oligos or antibodies. In this trans-
ducer, islands of chemisorbing material (AuNPs) surrounded by a rigid,
non-chemisorbing, conducting GEC are obtained [74]. The spatial resolution of the
immobilized thiolated DNA can be easily controlled by varying the percentage of
gold nanoparticles in the composition of the composite. Moreover, as with GEBs,
the surface of nanoAu-GEC electrodes can be easily modified with DNAs,
oligonucleotides, proteins, antibodies, etc., for electrochemical detection.

To summarize, electrochemical immunosensors and genosensors can meet the
demands summarized under the acronym ASSURED defined by the WHO, offering
considerable promise for obtaining information in a faster, simpler and cheaper
manner compared to traditional methods. Such devices possess great potential for
numerous applications, ranging from decentralized clinical testing, to environ-
mental monitoring, food safety and forensic investigations.
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4 Magnetic Immobilisation Coupled
with a Magneto-Actuated Electrode
for Electrochemical Biosensing

As previously discussed, one of the most promising materials in bioanalysis is
biologically modified magnetic particles, the use of which is based on the concept
of magnetic bioseparation. Magnetic particles offer several novel attractive possi-
bilities in biomedicine and bioanalysis since they can be coated with biological
molecules and manipulated by an external magnetic field gradient. As such, the
biomaterial, i.e., specific cells, proteins, or DNA, can be selectively bound to the
magnetic particles and then separated from its biological matrix by applying an
external magnetic field. The integration of MPs and electrochemical biosensing
strategies improves analytical performance. Instead of direct modification of the
electrode surface, both the biological reactions (immobilization, hybridization,
enzymatic labeling, or affinity reactions) and the washing steps can be successfully
performed on the MPs. After the modifications, the particles are easily captured by
applying a magnetic field onto the surface of the GEC electrodes, which contain a
small magnet (m-GEC) designed in our laboratories.

The preparation of the m-GEC electrode consists on different steps that are
schematically explained in Fig. 2. To a female electric connector with a metal end
of 2 mm diameter (i), a metal screw (6 mm d) is fitted (ii). After that, a copper disk
with a diameter of 5.9 mm is placed on the female electric connector end (iii) with a
welder using Sn wire. A cylindrical PVC tube (iv) (6 mm id, 8 mm od, 21.5 mm
long) is then place over the female electric connector. A gap with a depth of 3 mm
is thus obtained in the end of the body electrode, which is then filled with a thin
layer of the graphite-epoxy composite (GEC) paste (v). The 3 mm diameter neo-
dymium magnet is then placed in the center (vi). The electrode body gap is then
completely filled with the soft GEC paste (vii). The electrode is then cured at 90 °C
for 3 days until the paste become completely rigid. The electrodes can be stored in a
dried place at room temperature.

This magneto-actuated electrode constitutes a versatile platform for electro-
chemical biosensing (both genosensors and immunosensors) for a broad range of
application, including the detection of food contaminants such as pesticides, [75]
antibiotic residues, [76] bacteria, [77, 78] food additives, [79] allergens, [80] or
diseases biomarkers, such as malaria [81] or CD4 cells for AIDS monitoring [82].
In all cases, the electrochemical readout is achieved using horseradish peroxidase
(HRP) as electrochemical reporter. Enzyme labelling has been transfer from
non-isotopic classical methods to electrochemical biosensing. In electrochemical
genosensing, the DNA duplex can be labeled with either strept(avidin)-HRP or
antiDIG-HRP conjugates, depending on the tag of the DNA signaling probe (biotin
or digoxigenin, respectively). Although a second incubation step is usually required
for labelling, higher sensitivity and specificity have been reported for the enzyme
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labelling method compared with the other reported methods [83, 84]. In electro-
chemical immunosensing, the enzymatic tag depends on the format of the
immunoassay. In competitive immunoassays for small haptenic molecules, it is
usually a conjugate obtained with HRP and the hapten. In other immunological
formats, such as in sandwich assays or indirect approaches, the enzymatic label is
typically a conjugate obtained with HRP covalently linked to the Fc part of the
specific antibody. In all cases, amperometric determination is finally based on HRP
activity following the addition of H2O2 and using hydroquinone as mediator. The
modified electrode is immersed in the electrochemical cell containing hydroquinone
and, under continuous magnetic stirring, a potential of –0.100 V vs. Ag/AgCl is
applied. When a stable baseline is reached, H2O2 is added into the electrochemical
cell (to a concentration able to saturate the total amount of enzyme employed in
the labeling procedure) and the current is measured until steady state is reached
(normally after 1 min of H2O2 addition).

Fig. 2 Schematic representation of the construction of m-GEC (steps i–vii) and manipulation of
the m-GEC electrodes, comprising the immobilization of DNA on magnetic beads (viii) following
by capturing the modified beads on m-GEC electrode (ix and x). Scanning electron micropho-
tographs showing the captured magnetic beads on the surface of m-GEC magneto sensor (500 µm,
15 kV) and a photograph showing the aspect of the sensor with the immobilized beads are also
shown (xi and xii, respectively) (Number of magnetic beads: 6.2 × 106)
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5 Electrochemical Biosensors of Agents Affecting
Food Safety

The World Health Organization (WHO) have considered Food Safety as the main
topic of World Health´s Day in 2015 [85, 86]. It is estimated that two million deaths
occur every year worldwide from contaminated food or drinking water, of each 200
are related to foodborne diseases, caused by harmful bacteria, viruses or parasites
[87]. The emergence of foodborne infectious diseases in humans worldwide is
attributed to several causes, such as the loss of biodiversity due to an intensive
agriculture, food industry and land changes, together with the evolution of drug
resistance [88]. Moreover, climatic factors related to the increase of the average
global temperature and consequently to the raise of CO2 concentrations, as well as
precipitation changes have implications for food production, since they can
potentiate a higher growth and survival of pathogenic microorganisms leading to
the occurrence of food safety hazards [87, 89]. The socioeconomic status impact on
food safety has also been studied, showing that low income individuals are more
exposed to foodborne illness related to a poor hygiene and proper food handling
practices and nutrition [90]. In Europe, over 320,000 human cases are reported each
year being mostly related to the presence of pathogenic microorganisms in meat
products, as well as fruits and vegetables, being Salmonella spp., Escherichia coli
and Listeria monocytogenes the most common reported pathogens [91]. S. enterica
sv. Enteritidis and Typhimurium are a frequent cause of foodborne outbreaks among
Salmonella serovars [92]. One of the most recent cases was reported in August
2014, a multi-country outbreak reported in Austria, France and Luxembourg
associated with eggs from Germany [86, 93].

One of the most serious outbreaks in Europe related to E. coli was reported in
Germany, with a total of 3126 cases of diarrheal disease, including 17 deaths in
Germany and additional extension to other countries as Norway, USA, Canada and
Switzerland. It was caused by a Shiga toxin-producing E. coli (STEC) strain found
in meat and fenugreek sprouts. This E. coli strain belongs to O104:H4 serotype,
having the ability to excrete a shiga toxin which is lethal to humans [94, 95]. L.
monocytogenes is a Gram positive pathogen that can survive in different envi-
ronments, such as low temperatures and pH values or high salt concentrations. In
the years of 2008 to 2012 an increase of number of listeriosis cases reported in the
EU was registered with a total of 198 deaths in 2012 [96, 97].

“Make food safe” becomes a vital task worldwide, as a result, preventive
approaches like Good Agricultural Practices (GAPs), Good Manufacturing Practices
(GMPs), Hazard Analysis and Critical Control Point (HACCP) and the food code
(Codex Alimentarius) have been implemented, which can considerably reduce the
survival of pathogens during the process of handling, preparation and storage pro-
cessing. These approaches include measures for the introduction of methods for
decontamination, disinfection and cleaning, the implementation of analytical methods
for screening feed and feed ingredients, to provide more inspection and control at
industries and farms, as well as the implementation of communication strategies for

Magneto Actuated Biosensors for Foodborne Pathogens … 95



consumers and the food industry [98, 99]. Examples of regulatory agencies or centers
worldwide are the WHO, the US Centers for Disease Control and Prevention (CDC),
the US Food and Drug Administration (FDA), the Public Health Agency of Canada
(PHAC), the European Food Safety Authority (EFSA), the European Centre for
Disease Prevention and Control (ECDC), OzFoodNet, PulseNet International (PNI),
National Institute of Public Health, Japan, among many others. Identification and
detection of foodborne bacteria is in general required for routine surveillance and
monitoring, evaluation of the most common food sources responsible for specific
foodborne, during regulatory actions or from investigation of a foodborne outbreak.
A wide range of methods are available for foodborne bacteria identification and
detection, in connection with these programs, for the prevention and identification of
problems related to health and safety. The choice of the method is a key factor for the
detection of foodborne pathogens and the intended use of the method, for instance
whether for a qualitative or semi-quantitative screening, quantitative and/or confir-
matory analysis, must be clearly defined [100]. Additionally, an ideal method should
be rapid, providing results in a few hours, easy handling, accurate, applicable to
several food matrices and foodborne bacteria [98–100]. Electrochemical biosensors
are good candidates to meet these demands. The latest development that combines the
use ofMPs for preconcentration and electrochemical detection is of particular interest
due to the considerable improvement achieved on the analytical features such as assay
time and limit of detection. In this case, an immunomagnetic (IMS) or phagomagnetic
(PMS) separation is integrated in electrochemical magneto genosensing and
immunosensing approaches. Figure 3 summarized the scheme of three different
strategies based on IMS/PMS separation coupled with electrochemical genosensing
and immunosensing taking Salmonella as a model of food pathogen. In these
approaches, magnetic particles have the dual function of (i) pre-concentrating bacteria
from the complex matrix, using different biorecognition reactions (immunomagnetic
(IMS) and phagomagnetic (PMS) separations) and (ii) improving the analytical fea-
tures of both electrochemical genosensing and immunosensing of bacteria.

5.1 Immuno (IMS) and Phagomagnetic Separation
(PMS) Coupled with Electrochemical Genosensing
on Magneto Actuated Electrodes

The first approach, summarized as a “IMS/double-tagging PCR/m-GEC electro-
chemical genosensing” [101] was based on a double biorecognition of bacteria, in
this case immunological followed by genetic biorecognition. The procedure con-
sisted briefly of the following steps, as depicted in Fig. 3: (i) Immunomagnetic
separation of the bacteria from food samples; (ii) Lysis of the bacteria and DNA
separation; (iii) DNA amplification of Salmonella IS200 insertion sequence by
double-tagging PCR; (iv) immobilization of the doubly-tagged amplicon in which
the biotin tag of the dsDNA amplicon is immobilized on the streptavidin MPs;
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(v) enzymatic labelling using as enzyme label the antibody anti-DIG-HRP capable
of reacting the other tag extreme of the dsDNA amplicon; (vi) magnetic capture of
the modified magnetic particles; and (vii) amperometric determination [101].

In this approach, the bacteria can be captured and preconcentrated from food
samples by IMS using both commercial magnetic microparticles [101] or tailored
magnetic micro and nanoparticles with the specific antibody against Salmonella
[102]. No significant differences were observed in the efficiency of the IMS using
magnetic micro or nanoparticles, with the exception of the binding pattern, as
shown in Fig. 4. After the lysis of the captured bacteria by IMS, further amplifi-
cation of the genetic material by PCR with a double-tagging set of primers is
performed to confirm the identity of the bacteria. Both steps (IMS and
double-tagging PCR) are rapid alternatives to the time consuming classical selective
enrichment and biochemical/serological tests.

The double-tagging PCR is performed with a set of two labeled PCR primers—
one with biotin and the other with digoxigenin [77]. During PCR, not only
amplification of the bacterial genome is achieved but also double-labeling of the
amplicon ends with: (i) the biotinylated capture primer, to achieve immobilization
on the streptavidin-modified MPs, and (ii) the digoxigenin signaling primer, to
achieve electrochemical detection. The “IMS/double-tagging PCR/m-GEC

Fig. 3 Schematic representation of the electrochemical strategies for Salmonella spp. detection:
(1) “IMS/double-tagging PCR/m-GEC electrochemical genosensing” [101] (2) “PMS/double-
tagging PCR/m-GEC electrochemical genosensing” [103] and (3) “IMS/m-GEC electrochemical
immunosensing” [109]
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electrochemical genosensing” approach was demonstrated for the sensitive detec-
tion of Salmonella artificially inoculated into skim milk samples. A limit of
detection of 1 CFU mL−1 is obtained in 3.5 h without any pretreatment, in LB broth
and in milk diluted 1/10 in LB. When the skim milk is pre-enriched for 6 h, the
method is able to feasibly detect as low as 0.04 CFU mL−1 (1 CFU in 25 g of milk)
with a signal-to-background ratio of 20 [101]. Interestedly, the specificity of this
approach is conferred by both the antibody in the IMS and the set of primer during
the double-tagging PCR, in this case for detecting Salmonella spp. The same
approach could be also designed for detecting different Salmonella or E. coli ser-
otypes by selecting a specific pair of primers or antibody.

The second strategy, “PMS/double-tagging PCR/m-GEC electrochemical
genosensing” [103] was based on the use of bacteriophages, which offer several
analytical advantages as biorecognition elements for the magnetic separation of
pathogenic bacteria. The phage capabilities as a biorecognition element were
explored by using the model phage nanoparticle P22 towards Salmonella. P22 bac-
teriophages were immobilised on tosyl-activated magnetic microparticles and car-
boxyl magnetic nanoparticles in an oriented way. The bacteria were then captured and
pre-concentrated by the phage-modified magnetic particles through the phage–host
interaction (Fig. 5). To confirm the identity of the bacteria, further double-tagging
PCR amplification of the captured bacterial DNA and electrochemical magneto
genosensing of the amplicon were performed, as schematically shown in Fig. 3.

In the detailed strategies, magnetic separation based on different affinity
biorecognition principles was evaluated, i.e. immunomagnetic and phagomagnetic
separation. Although similar analytical performance were obtained (LOD of
1 CFU mL−1 in 3 h assay time), the use of bacteriophages as a biorecognition
element offers additional advantages. It must be highlighted that for the first time

Fig. 4 Microscopic characterization of tailored magnetic nanoparticles (a and b) and micropar-
ticles (c and d) by scanning electron microscopy for Salmonella concentrations of 104 and 106

CFU mL−1. The confocal microscopy study for micro (e) and nanoparticles (f) is also shown

98 M.I. Pividori et al.



non-modified bacteriophages were covalently coupled to magnetic particles, as
shown in Fig. 5. Improved LODs (1 CFU mL−1) were obtained in both cases when
compared with the IMS and PMS followed by conventional gel electrophoresis (102

and 103 CFU mL−1, respectively), as well as a significant reduction of the assay
time when compared with IMS and PMS followed by the microbiological culture
method (3 h vs. 18–24 h). The accuracy of the magnetic separation step coupled
with microbiological culture is not measurable since agglomeration of particles
often occurs and several target bacteria bound to the same particle give rise to only
one colony forming unit (CFU) on the plating media, as shown in Fig. 5, panel A
and C for magnetic nano and microparticles, respectively. Therefore, by coupling
IMS or PMS with double-tagged PCR amplification and electrochemical magneto
genosensing quantitative methods were achieved, due to the fact that a single cell is
detected and these methods are not affected by the formation of aggregates. The
double-tagging PCR also allows amplification of the analytical signal by amplifying
the bacterial genome in a rapid way, instead of multiplication of the bacteria
number by growing via traditional culturing methods. The magnetic separation and
the double-tagging PCR provide specificity, as well as versatility to the assay, with
the selection of different capture antibodies, bacteriophages or tagged primers.

Fig. 5 Evaluation of the PMS by SEM at a Salmonella concentration of 3.2 × 106 CFU mL−1

using carboxyl magnetic nanoparticles (a and b) and tosylactivated magnetic microparticles (c–g).
Panels b and g show the Salmonella cells attached to the magnetic nano and microparticles
through tail spikes of the bacteriophages, signaled by arrows. Panels fshows the P22
bacteriophage immobilised on magnetic microparticles (2000 PFU/MP) while panel e shows the
magnetic microparticle without any modification as a negative control. In all cases, identical
acceleration voltage (15 kV) was used
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Therefore, the models described can be widened to other bacterial targets affecting
food safety and global health.

To summarize, bacteriophages are promising candidates to be used as a
biorecognition element for the detection of pathogenic microorganisms. They
provide many advantageous features such as outstanding selectivity, high sensi-
tivity, and stability, which are three ideal attributes for any biorecognition probe
that makes them suitable for in situ monitoring of food and environmental con-
taminants [104, 105]. Compared to antibodies, phages have distinct advantages as
recognition receptors. On one hand, they are less fragile and less sensitive to
environmental stress such as pH and temperature fluctuation reducing the envi-
ronmental limitations, and on the other, their production besides being animal-free
can be less complicated and less expensive than antibody production [106, 107].

The detection of Salmonella was demonstrated using both magnetic micro and
nanoparticles modified with the bacteriophage P22 [108]. Although the covalent
immobilization of P22 bacteriophages was successfully performed on both mag-
netic carriers achieving excellent coupling efficiencies, magnetic microparticles
showed improved performance in terms of sensitivity and specificity, as well as
lower matrix effect. These results could be related with the higher surface area per
volume ratio given by their smaller size which could also increase the nonspecific
adsorption, raising thus the influence of the matrix components during the assay.

5.2 Immunomagnetic Separation (IMS) Coupled
with Electrochemical Immunosensing on Magneto
Actuated Electrodes

In the third strategy, summarized as “IMS/m-GEC electrochemical immunosens-
ing”, a very simple and rapid method for the detection of Salmonella in milk is
performed in which the detection of bacteria was achieved by a double immuno-
logical recognition (Fig. 3) [109]. In this approach, the bacteria were captured and
pre-concentrated from milk samples with magnetic particles by immunological
reaction with a specific antibody against Salmonella. A second polyclonal antibody
labeled with peroxidase was used as serological confirmation, with electrochemical
detection based on a magneto-electrode. Among the different procedures, better
performances have been obtained using one-step immunological reactions. The
“immunomagnetic separation step (IMS)/m-GEC electrochemical immunosensing”
approach was employed, for the first time, in the detection of Salmonella artificially
inoculated into skimmed-milk samples. A limit of detection of 7.5 103 CFU ml−1 in
milk was obtained in 50 min without any pre-treatment. If the skimmed-milk is
pre-enriched for 6 h, the method can detect as low as 1.4 CFU mL−1, while
following pre-enrichment for 8 h as few as 0.108 CFU mL−1 (2.7 CFU in 25 g of
milk) are detected, thus complying with legislative criteria. IMS and detection with
a second specific antibody can effectively replace “selective enrichment/differential
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plating” and “biochemical/serological testing” assays, respectively. Moreover, the
assay time is considerably reduced, from 4 to 5 days to 50 min.

5.3 Simultaneous Electrochemical Magneto Genosensing
of Foodborne Bacteria Based on Triple-Tagging
Multiplex Amplification

Over the past years, a new challenge has been attracting researchers in this field, the
design of novel biosensors with multiplexing capabilities, where the integration of
nanomaterials plays an important role. These novel bionanomaterials appears to be
keys in bacteria multiplex detection in biosensors [31–34].

The simultaneous detection of Salmonella enterica, Listeria monocytogenes and
Escherichia coli based on triple-tagging multiplex PCR and electrochemical mag-
neto genosensing on silica magnetic particles was also reported [110]. A set of
tagging primers were selected for the specific amplification of yfiR (375 bp), hlyA
(234 bp) and eaeA (151 bp), being one of the primers for each set labelled with
fluorescein, biotin and digoxigenin coding for S. enterica, L. monocytogenes and
E. coli, respectively. Afterwards, electrochemical magneto genosensing of the
bacteria was achieved by using silica magnetic particles as a carrier and three
different electrochemical reporters, specific for each pathogen. For the first time,
silica magnetic particles were used as a platform for DNA immobilization followed
by electrochemical genosensing of S. enterica, L. monocytogenes and E.coli, based
on triple-tagged amplicons. Interestingly, the silica magnetic particles showed
differential adsorption properties, based on the negative charge density, for longer
dsDNA amplicon incorporating the tagged-primers over shorter ssDNA
tagged-primers, showing to be not only a robust platform for the electrochemical
detection of PCR products but also a promising magnetic carrier for fluorescence or
other detection approaches. This method was able to clearly distinguish among the
pathogenic bacteria tested within 50 min, with detection limits ranging from 12 to
46 pg μL−1.

6 Electrochemical Biosensors of Infection Agents Affecting
Global Health

6.1 Electrochemical Magneto-Actuated Biosensor for CD4
Count in AIDS Diagnosis and Monitoring

According to last WHO report in 2013, at the end of this year, around 35 million
people were living with HIV. Developing countries in Africa and Asia are the most
affected by this disease, for example, sub-Saharan Africa concentrates almost 70 %
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of the global HIV-infected people, with 25 million people living with HIV in this
region alone [111]. An additional problem that these regions face is that only 5.9 of
12.9 million people who need antiretroviral therapy have access to this treatment
[112]. HIV is a retrovirus which infects primarily CD4+ T lymphocytes.
Progression to AIDS occurs as a result of chronic depletion of CD4 cells, when the
count falls below 200 cells mL−1 of blood, at a functional level where opportunistic
infections and malignancies cannot be controlled [113, 114]. HIV infection is
commonly diagnosed through a blood test detecting antibodies against HIV, fol-
lowed by a confirmatory assay [115]. The serological tests for detection of HIV
antibodies are generally classified as screening and confirmatory, being ELISA and
Western blot, respectively. Moreover, a variety of simple, instrument-free, rapid
tests including agglutination, immunofiltration, immunochromatographic and dip-
stick test, for example, OraQuick® Advance Rapid HIV-1/2, RevealTM G-2 Rapid
HIV-1 Antibody, Uni-Gold Recombigen® HIV, and Multispot HIV-1/HIV-2 Rapid
Test are commercially available [116], all of the meeting the requirements of
ASSURED given by the WHO.

However, after diagnosis, disease progression should be monitored through viral
load based on viral nucleic acid detection or through the enumeration of CD4 cells
by flow cytometry. Nucleic acid amplification test are laborious strategies, requiring
dedicated equipment and trained technicians. In addition, flow cytometry requires
complex and expensive equipment that requires regular maintenance and well
trained personnel not only for data analysis, but also for the result interpretation.
Currently, there are few cheaper alternative to the flow cytometer, mostly based on
fluorescent labeling, requiring thus costly imaging equipment to achieve detection
or manual counting by light microscopy [23, 117, 118].

Although RDTs are commercially available for diagnosis of HIV infection, CD4
cell counting is not available in the areas mostly affected [119–121], this control
being imperative for assessing the progression towards AIDS [122]. As previously
stated, the HIV virus infects the cells of the immune system, primarily CD4+ T
lymphocytes decreasing CD4 levels from the normal values (ranging from 500 to
1,200 cells μL−1), which weakens the immune system and causes the progression to
AIDS and death from cancer or opportunistic infections. When the number of the
CD4 cells falls below 200 cells μL−1 of blood, it is considered to have progressed to
AIDS [123]. AIDS it is also diagnosed with the emergence of one or more
opportunistic illnesses regardless the CD4 count. Without treatment, people who
progress to AIDS typically survive about 3 years. However, life-expectancy without
treatment falls to about 1 year with the presence of opportunistic illness. Under
antiretroviral treatment (ART) while maintaining a low viral load, a patient may
enjoy a near normal life span without progression to AIDS. The CD4+ T cell count
is thus a critical parameter in monitoring HIV disease, since lower numbers of
circulating CD4+ T cells imply a more advanced stage of HIV disease and less
competent defense mechanisms. In HIV infected patients, the CD4+ T cell count is
useful not only for assessing the degree of immune deterioration and speed of
progression towards AIDS, but also for initiating ART, for deciding the timing for
prophylaxis of opportunistic infections and, finally, for monitoring the efficacy of
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the treatment [119]. The new recommendations encourage all countries to initiate
the treatment in HIV infected adults with CD4 cell count down to 500 cells μL−1

when their immune systems are still strong, regardless of the presence or absence of
clinical symptoms. Unfortunately, the areas mostly affected by the HIV epidemic
are resource-limited countries, wherein the CD4 count is not available due to
laboratory requirements and cost of the assay [124].

Although there are many commercially available possibilities for Point-of-Care
HIV diagnosis, there is still the need for novel affordable alternatives to flow
cytometry for CD4 cell count in order to monitor the AIDS disease and the treat-
ment in low resource settings.

Recent advances involve integration of MPs into bioassays for both diagnosis of
HIV infection, as well as for the progression and follow-up of AIDS. For instance, a
magneto-actuated electrochemical biosensor for CD4 count in whole blood was
reported [82]. The CD4+ T lymphocytes were isolated, preconcentrated and labeled
from 100 μL of whole blood by immunomagnetic separation with magnetic par-
ticles modified with antiCD3 antibodies (Fig. 6).

The captured cells were labeled with a biotinylated antiCD4 antibody, followed
by the reaction with the electrochemical reporter streptavidin-peroxidase conjugate,
as schematically detailed in Fig. 7. The limit of detection for the CD4 counting
magneto biosensor in whole blood was as low as 44 cells μL−1 while the logistic
range was found to be from 89 to 912 cells μL−1, which spans the whole medical
interest range for CD4 counts in AIDS patients. The electrochemical detection
together with the immunomagnetic separation confers high sensitivity, resulting in a
rapid, inexpensive, robust, user-friendly method for CD4 counting. This approach is

Fig. 6 Evaluation of the CD4+ T lymphocytes immobilized on antiCD3 magnetic particles by
SEM. Acceleration voltage (15 kV) was used
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a promising alternative for costly standard flow cytometry and suitable as diag-
nostic tool at decentralized practitioner sites in low resource settings, especially in
less developed countries.

6.2 Electrochemical Magneto-Actuated Biosensor for CD4
Count in AIDS Diagnosis and Monitoring

According to the WHO report, about 200 million people contracted malaria [125,
126] in 2012 and nearly 630,000 died of the disease [127]. Africa is the most
affected area, counting one death every minute, most of them in children. Malaria is
considered one of the major tropical parasitic disease and it is among the three most
deadly communicable diseases [128].

In the absence of diagnostic tests, patients in low-resource settings are often
treated based on clinical symptoms and local prevalence of disease. Whereas this
approach captures most patients requiring treatment, it also unnecessarily treats

Fig. 7 Schematic representation of the CD4 counting magneto biosensor. a The CD4+ T
lymphocytes are captured from whole blood by the CD3-MPs and labeled in one step with
antiCD4-biotin, b The incubation with the electrochemical reporter streptavidin-HRP is then
performed. Finally, and after c the magnetic actuation, d the electrochemical readout is achieved
the electrochemical readout is achieved
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patients who do not require treatment. Equally important, this latter group of
patients is not being treated for their specific disease due to misdiagnosis. This
syndromic management of disease may also increase drug resistance. Recently,
strains of Plasmodium falciparum resistant to chloroquine have spread rapidly.
Taking into account that other malarial treatments are significantly more expensive
the correct diagnosis of infected individuals seems to be a cheaper strategy, rather
than treating all those with similar symptoms [3]. Moreover, the most ethical policy
is to ensure that the new generation of drugs are only used for true cases of malaria
to avoid the appearance of resistant strains [129].

Light microscopy is considered the gold standard method for malaria diagnosis;
a drop of blood from a finger prick is fixed with methanol on a glass slide and
stained with dyes to visualise the parasite. Unfortunately, limited infrastructure in
low-resources settings results in extremely poor performance of microscopy as a
diagnostic tool for malaria, which shows an accuracy of only 70–75 %. Moreover,
microscopic diagnosis requires highly trained and experienced staff, being thus in
some instances not suitable for routine use at the community level. Modern
methods for malaria diagnosis include fluorescent microscopy, flow cytometry,
automated blood cell analyzers, antibody detection, molecular methods, and laser
desorption mass spectrometry. The main disadvantage, in most of the cases, is their
high cost [130].

Only a few examples of the integration of MPs for malaria diagnosis have been
reported. For instance, MPs were used for the selective preconcentration of the
protein biomarker HRPII (histidine-rich protein II) for Plasmodium falciparum.
A rapid and simple magneto immunoassay, which can be coupled with both optical
or electrochemical readout for the detection of HRPII, was reported (Fig. 8) [82].
The method involved covalent immobilisation of anti-HRP2 IgM monoclonal
antibody on MNPs (Fig. 8, panel A), followed by reaction with an anti-HRP2 IgG
antibody labeled with peroxidase (Fig. 8, panel B), which could be used as elec-
trochemical or optical reporter (Fig. 8, panel C). In the magneto immunosensor, the
MNPs were used to preconcentrate the biomarker from the clinical sample, to
eliminate interference from the matrix and to immobilise the biomarker in close
contact to the electrode surface, improving thus the limit of detection.

7 Final Remarks

In this chapter, recent advances in foodborne pathogens and infection diseases
affecting global health have been discussed, with special focus on electrochemical
biosensing devices with magneto actuated platforms. The most prominent format is
the integration of a magnetic capture step prior to detection, to achieve the pre-
concentration of the biomarker from the complex interferences present in the
samples. In general, the most common approach involves the integration of
immunomagnetic separation prior the electrochemical readout, based on commer-
cial or tailored-modified magnetic micro or nanoparticles, with a specific antibody.
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Magnetic capture was demonstrated to be compatible with different readout
strategies, ranging from conventional methods such as culturing, microscopy and
mass spectrometry, or emerging technologies such as lateral flow and biosensing
devices, among others.

In some instances, the biomarker is preconcentrated and then released for further
readout, although the detection of the biomarker is mostly performed while it is still
attached to the MPs. In most formats, a label to achieve the readout is used, being a
second antibody conjugated with enzymes, fluorophores, or nanomaterials (such as
QDs or Au-NPs). Although the detection of biomarkers is in most instances per-
formed by immunological recognition, there are some examples of the integration
of MP in devices for DNA determination. Here, the MPs are used as a means of
preconcentration of native DNA or RNA, or amplicons coming from PCR.

Although the MPs are mostly integrated in a preconcentration step prior to the
readout, they can also be used as a carrier to achieve movement of the biomarkers
along a microfluidic device through different reaction chambers, in order to achieve
incubation and washing under magnetic actuation [131–133]. Unfortunately, there

Fig. 8 Schematic representation of the sandwich immunoassay for Malaria detection performed
on magnetic micro and nanoparticles with electrochemical readout
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are still few examples of total integration into a chip from sample introduction to
readout, requiring in all cases bench-top equipments to achieve detection. Other
limitations of these chips are low sensitivity limited by the small sample volume,
irreproducibility in microfabrication and high cost of scaling down. One of the most
promising approaches for rapid diagnostic in low resource settings are lateral flow
with qualitative visual detection.

Recently, the integration of MPs into lateral flow design was demonstrated,
improving the sensitivity and providing quantitative results when required [134].
The equipment is inexpensive if compared with traditional ELISA readers. In these
methods, the MPs are used not only for preconcentration, but also for the readout
based on the magnetic moment of the superparamagnetic particles attached to the
biomarker. Another approach based on the integration of MP is the magneto
biosensor, mostly using electrochemical detection. In this format, MPs are used not
only as a way to preconcentrate the sample, but also to immobilise the biomarker on
the surface of the transducer, increasing thus the sensitivity of the assay when
compared with conventional surface modification of the biosensor.

Comparing the performance of magnetic carriers, similar analytical performance
was observed for the immunomagnetic separations of bacteria with both magnetic
micro and nanoparticles. However, magnetic nanoparticles showed increased
matrix effect together with aggregation and required longer time for magnetic
actuation, as the actuation time and also the matrix effect are influenced by the size
of the particles. In general, integration of magnetic particles with different
approaches demonstrated improvement in analytical performance in terms of
specificity and sensitivity. Their use as solid supports in bioassays has shown to
greatly improve the performance of the biological reactions, due to several factors:
(i) an increased surface area which improves the efficiency of the reactions,
(ii) faster assay kinetics achieved because the particles are in suspension and the
analytical target does not have to migrate very far, and (iii) a minimised matrix
effect due to the improved washing and separation steps.

The integration of magnetic particles can thus simplify the analytical procedure,
avoiding the use of classical centrifugation or chromatography separation strategies,
since no pre-enrichment, purification or pretreatment steps, which are normally
used in standard analytical methods, are required. In here, the preconcentration and
purification is achieved by simply applying an external magnet. Biomarkers can be
specifically isolated and preconcentrated from complex biological or food matrixes
by magnetic actuation, increasing the specificity of the assay. MPs have been
shown to be a robust and versatile material for the detection of a whole range of
biomarkers including mammalian cells, whole viruses, bacteria, proteins, antibodies
and DNA related with infectious diseases affecting global health. The integration of
MPs into emerging technologies shows very promising features, although there is
still a long way to achieve point of care devices following the ASSURED rec-
ommendations given by WHO (Affordable, Sensitive, Specific, User-friendly,
Rapid and Robust, Equipment free, and Deliverable to those who need it).
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Electrochemical Biosensors for Chemical
Warfare Agents

Fabiana Arduini, Viviana Scognamiglio, Danila Moscone
and Giuseppe Palleschi

Abstract Since the introduction of modern CWAs at the beginning of 20th cen-
tury, there has been a continuous interest in the development of robust and reliable
analytical tools for the detection of these agents, to provide early alarm in case of
terroristic attacks, as well as to monitor their presence in the environment and
prevent contamination. Nevertheless, some powerful analytical techniques,
including chromatographic methods and mass spectrometry, may not be well
suitable for field applications and fast early warning, due to the lack of portability,
power requirements, long response time and expensive procedures. In this context,
electrochemical (bio)sensors offer advantages in terms of high sensitivity, minia-
turization, integration, low cost, and power requirements. The aim of this chapter is
to highlight the important issues of electrochemical (bio)sensors for fast and
cost-effective detection of CWAs in the field, considering the main advantages and
limitations of this technology, and the last trends in nanotechnology, lab-on-chip,
and functional materials.

Keywords Electrochemical (bio)sensors � Chemical warfare agents � Early
warning

1 Introduction

Chemical warfare agents (CWAs) are highly toxic synthetic chemicals that can be
dispersed in the environment as gas, liquid or aerosol or adsorbed to particles to
become a powder [1].
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CWAs have been deliberately produced and employed in the battlefields during
the 20th century with the purpose of killing or debilitating living organisms. The
Chemical Weapons Convention (CWC) has classified them based on their
volatility, chemical structure or the physiological effects produced on humans.
Regarding the latter feature, CWAs are classified in nerve agents, blister agents or
vesicants, blood agents, and chocking or pulmonary agents, as reported in Fig. 1.

In addition, a special attention is devoted to toxins, which have been largely
exploited as potential chemical weapons, according to the Organisation for the
Prohibition of Chemical Weapons (OPCW). In Table 1, different CWA groups,
their persistence, and rate of action are reported, according to OPCW.

Thanks to the knowledge of synthetic chemistry, a considerable progression in
the development of chemical compounds has occurred in the past century in human
conflicts (Fig. 2). This common chemical and scientific knowledge allowed an
increasing sophistication of CWAs, as demonstrated by the replacement of chlorine
(Cl2) by phosgene (COCl2) and then by mustard gas.

The first use of chemicals as mass destruction weapons goes back to WW I
(1915), when large amounts of chlorine-containing compounds and gas warfare
were released by German military forces in Belgium, causing ∼91 000 deaths (∼1.3
million casualties) [2]. Warfare chemicals, including phosgene, hydrogen cyanide,
arsenical compounds, sulphur mustard, and lewisite have been exploited until the
WW II.

After WW II, chemical weapons were employed on a number of occasions:
mustards were used during the soviet intervention into Afghan War (1978), and also
used against rebels in Chad (1987); nerve agents and blister agents were used
during Iran-Iraq War (1980–1988). Iraq used Sarin, hydrogen cyanide, and sulphur
mustard against Iraqi Kurds. The use of chemical warfare agents, unfortunately,

Fig. 1 CWAs classification
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Table 1 CW Agent Group,
persistency and rate of action

CW agent group Persistency Rate of action

Nerve agents

Tabun (GA) High Very rapid

Sarin (GB) Low Very rapid

Soman (GD) Moderate Very rapid

Cyclosarin (GE, GF) Moderate Rapid

VX Very high Very rapid

Blister/vesicant agents

Sulfur mustard (H, HD) Very high Delayed

Nitrogen mustard (HN) High Delayed

Phosgene oxime (CX) Low Immediate

Lewisite (L) High Rapid

Blood agents

Hydrogen cyanide (AC) Low Rapid

Cyanogen chloride (CK) Low Rapid

Arsine (SA) Low Delayed

Choking/pulmonary agents

Chlorine (Cl) Low Variable

Phosgene (CG) Low High

Diphosgene (DP) Low Delayed

Chloropicrin (PS) Moderate Rapid

Fig. 2 Graphical timeline of CWAs use and related dates
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was also extended to the terrorist attack: the Japanese cult group AUM Shinrikyo
used the Sarin gas in Tokyo subway in 1995. After the tragic events at New York
(2001) and at London (2005) the possibility of CWAs being used as means of
terrorism is real.

In this overall scenario, due to the high number of exposures to CWAs through
different sources (e.g. recent terrorist attacks or already contaminated sites) and to
their chemical broad spectrum, there is an increasing interest in the development of
highly sensitive, selective, contactless, and early detection systems for low con-
centrations below the median lethal dose (LD50: dose required to kill half of the
members of a tested population).

In this context, (bio)sensor technology has a great potential to address these
challenges, providing the development of tailor-made small and portable instru-
ments, with adequate sensitivity and selectivity, reasonable cost and fast time
response, and powerful ability to identify CWAs. (Bio)sensors demonstrated to
possess adequate detection methodologies to (i) detect the chemical species of
weapons used in terroristic attacks; (ii) measure them in exposed people to early
identify the chemical contamination; (iii) monitor their presence in the environment
to provide warning on contaminated sites and thus prevent contamination. The
detection of CWAs is generally carried out in dedicated centralized laboratories
using large and expensive instrumentations, such as gas chromatographs coupled
with mass spectrometers (GC-MS). Even if these laboratory set-up methodologies
demonstrated to be useful and sensitive tools to evaluate the pollution of a con-
taminated site, their features do not match the requirements of an early detection in
case of a terroristic attack.

In addition, because sample collection, transport, and subsequent laboratory
analysis are time and cost consuming processes, faster and cheaper analytical tools,
which combine reliability and rapidity of response for the detection of lethal
chemicals, are strongly required.

In this context, the rational in using electrochemical (bio)sensors resides in their
special features of fast analysis, cost effectiveness, miniaturisation, simple and easy
production. This sort of analytical devices can be exploited as detect-to-protect
system, since they are conceived to be able to identify CWAs and provide a
warning within few minutes from a chemical contamination, without user inter-
vention. In the following paragraphs, a comprehensive description of CWAs and
the main electrochemical (bio)sensors for their detection are reviewed.

2 Nerve Agents

Among lethal CWAs, nerve agents have had a dominant role since the WW II.
Nerve agents acquired their name because they are able to irreversibly inhibit a key
enzyme of nervous transmission (Cholinesterase), thus affecting the transmission of
nerve impulses in the nervous system. All nerve agents belong to the group of
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organophosphorus compounds (OP), and the most important nerve agents are
reported in Table 2.

Among CWAs, nerve agents are preferred in the terroristic attacks because of
their high toxicity and easily production; indeed, the Japanese cult group AUM
Shinrikyo used Sarin gas in the terrorist attack of 1995 in Tokyo subway. For these
reasons, their detection is a crucial concern in security sectors.

In literature, there are basically four different types of electrochemical (bio)
sensors for nerve agent detection:

(i) Biosensors based on cholinesterase enzyme (ChE) inhibition;
(ii) Biosensors based on organophosphate hydrolase enzyme;
(iii) Biosensors based on antibody use;
(iv) Sensors based on direct electrochemical detection.

2.1 Biosensor Based on Cholinesterase Enzyme Inhibition

The principal biological role of acetylcholinesterase (AChE) is the termination of
the nervous impulse transmission at cholinergic synapses by rapid hydrolysis of the
neurotransmitter acetylcholine. OPs are able to inhibit this enzyme in an irreversible
way; thus, measuring the enzymatic activity in absence and presence of the inhi-
bitor, it is possible to quantify the inhibitor present in the analysed sample.

From the historical point of view, the first biosensing system based on choli-
nesterase enzyme inhibition was reported on Analytical Chemistry by Guilbault in
1962 [3]. This biosensing tool was constructed for the detection of nerve agents,
using cholinesterase enzyme as biocomponent and a classical platinum electrode as
working electrode. Since 1962, several biosensors have been developed for nerve
agent detection based on cholinesterase inhibition. Searching the articles in the
period 2011–2015 using as keywords “biosensor” and “cholinesterase” and

Table 2 Physical-chemical properties and toxicity of some nerve agents

Tabun Sarin Soman VX

MW 162.1 140.1 182.2 267.4

MP (°C) −50 −56 −42 −39

BP (°C) 247 147 167 300

V 600 17 000 3 900 10

LD50 4000 1700 300 10

LCt50 70 35 35 15

MW molecular weight, MP melting point, BP boiling point; V Volatility (mg/m3 at 25 °C), LD50 skin
mg/individual, LCt50 (mg-min/m3): lethal concentration and time (respiratory)
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“organophosphate” on Scopus, more than 100 papers are reported, demonstrating to
be a hot topic. These papers are principally focused on electrochemical biosensors
for OP pesticide detection, while only few papers are focused on nerve agent
compound detection such as Sarin, Soman, Tabun, and VX. This difference is due
to the high level of safety required to measure nerve agents.

In this chapter, these biosensors based on cholinesterase inhibition were clas-
sified in bi-enzymatic and monoenzymatic, highlighting the biosensors specifically
applied for nerve agents detection.

2.1.1 Bi-enzymatic Biosensor

The bi-enzymatic biosensor (Fig. 3) is constructed using:

• AChE, that hydrolyses the substrate acetylcholine to choline and acetic acid;
• Choline oxidase (ChOx), that oxidises choline to betaine with H2O2 production.

The use of ChOx is necessary in the case of amperometric biosensors because
the enzymatic products of the reaction (Fig. 3, choline and acetic acid) are not
electroactive. The enzymatic activity can be detected by measurement of O2

decrease using Clark’s electrode [4], or H2O2 increase. In the latter case, the
enzymatic product H2O2 is directly measured amperometrically at around +600 mV
versus Ag/AgCl using a platinum electrode [5], or exploiting: (i) redox mediators,
such as ferophthalocyanine [6] and Prussian Blue [7], and (ii) nanomaterials, in
order to reduce the applied potential.

As an example, Upadhyay et al. modified a glassy carbon electrode with gold–
platinum bimetallic nanoparticles for H2O2 detection at +0.4 V in amperometric
mode. This sensor was then used to assembly a biosensor immobilizing
AChE/ChOx by cross-linking with glutaraldehyde [8]. The biosensor was tested
with paraoxon-ethyl pesticide, showing a linear range between 100 and 500 nM,

Fig. 3 Scheme of ChE
biosensor based on
bi-enzymatic approach
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and also with Sarin solution, providing, as expected, an enhanced sensitivity in a
linear range between 10 and 100 nM.

2.1.2 Monoenzymatic Biosensor

In monoenzymatic systems, the enzymatic reaction can be measured by means of
different electrochemical transducers, as reported in Fig. 4:

(i) Potentiometric: the reaction is monitored by the measurement of pH variation;
(ii) Conductimetric: the reaction is monitored by measurement of conductivity

variation;
(iii) Amperometric: the reaction is monitored by measurement of current variation

due to thiocholine oxidation; indeed, a synthetic substrate (acetylthiocholine)
must be used instead of acetylcholine. This synthetic substrate is hydrolysed to
acetic acid and thiocholine that is measured, being electrochemically active.

An example of potentiometric sensor is reported on Biosensor and Bioelectronic
journal for the detection of OPs. In this case, a silicon-based light-addressable
sensor was coupled with biotin-labeled acetylcholinesterase and streptavidin to
measure both nerve agents (Sarin and Soman) and pesticides (Trichlorfon and
Malathion) (Fig. 5) [9].

Examples of amperometric biosensors have been reported by Pohanka’s group
[10, 11] and by our group [12].

Pohanka et al. [10] exploited AChE as bioreceptors immobilized on a working
electrode of printed sensor by cross-linking with glutaraldehyde and bovine serum
albumin. In detail, the screen-printed electrode contains a central platinum dot
shaped working electrode with a diameter of 1 mm, a platinum auxiliary and a
reference electrode in silver covered with silver chloride. This electrode configu-
ration allowed a measurement of thiocholine at an applied potential of +450 mV for

Fig. 4 Scheme of ChE biosensor based on monoenzymatic approach using a potentiometric/con-
ductimetric or b amperometric transducer
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the detection of several nerve agents (Tabun, Sarin, Soman, Cyclosarin, and VX) by
AChE inhibition. Limits of detection, shown in Table 3, demonstrated the highest
inhibition power of Sarin and VX, and the lowest inhibition power of Soman and
Tabun.

A similar sensor was reported by the same authors on Sensors journal, opti-
mising the immobilisation procedure by the use of gelatin and glutaraldehyde, and
reaching lower detection limits (Sarin 7.41 pM; Soman 6.31 pM, Tabun 61.7 pM,
VX 21.9 pM) [11].

Arduini et al. [12] reported the capability to detect Sarin gas by means of a
portable commercial available potentiostat (PalmSens) together with the butyryl-
cholinesterase enzyme immobilised on a disposable graphite screen-printed elec-
trode modified with the electrochemical mediator Prussian Blue (PB). This
electrochemical mediator is able to electrocatalyse thiocholine (enzymatic product)
oxidation at +200 mV as applied potential. Using the simple procedure of exposing
the biosensor to the gas flow of Sarin gas, the system was capable to detect Sarin
gas at 0.1 mg/m3, with an incubation time of 30 s and a degree of inhibition of
34 %, demonstrating the high sensitivity of the biosensor.

Fig. 5 Calibration curves for Soman, Sarin, Trichlorfon, and Malathion in buffer, and for
soil-spiked Sarin, using AChE silicon-based light-addressable potentiometric biosensor. Reprinted
with permission from [9]

Table 3 Limit of detection
(LOD) for the selected nerve
agents

Agent LOD (M)

Tabun 1.48 × 10−8

Sarin 5.88 × 10−10

Soman 1.07 × 10−8

Cyclosarin 9.12 × 10−9

VX 8.51 × 10−10

122 F. Arduini et al.



2.2 Biosensor Based on Organophosphate Hydrolase

Biosensors based on the use of organophosphorus hydrolase (OPH) as bioreceptors
are classified as substrate-type biosensors. Indeed, while AChE biosensor reveals
OP by inhibition and the response is inversely proportional to the OP amount, the
OPH biosensor detects OPs as a direct substrate and the response measured is
directly proportional to the OP amount (Fig. 6).

The big advantage of this biosensor relies on the direct measurement of the
analyte with a faster detection, but, on other hand, its sensitivity is lower in respect
to ChE biosensor.

One of the first works on OPH biosensors was published in 1999 on Analytical
Chemistry journal by Mulchandani’s group. OPH was immobilised onto
screen-printed carbon electrodes, and OP measurements were provided by the rapid
anodic detection of the enzymatically generated p-nitrophenol product. This
biosensor showed a linearity proportional to the concentration of the hydrolyzed
paraoxon and methyl parathion substrates up to 40 and 5 µM, with detection limits
of 9 × 10−8 and 7 × 10−8 M, respectively [13]. The same group developed also a
microbial biosensor using genetically engineered PNP-degrader Moraxella sp. dis-
playing OPH on the cell surface, immobilised onto oxygen electrode. OPH works in
tandem with a PNP oxidation machinery to degrade PNP-substituted OPs with
simultaneously oxygen consuming. The amount of oxygen consumed is propor-
tional to the analyte concentration, allowing the detection of the analyte. Under
optimised conditions, the biosensor showed a detection limit of 0.1 µM (27.5 ppb)
using paraoxon as model, with an excellent selectivity against triazines, carbamates
and OPs without PNP substituent [14].

A similar limit of detection (0.1 µM) was also reported by the OPH biosensor
embedded in a flow system of Wang et al. [15] for the detection of paraoxon.

More recently, an interesting paper was published on ACS nano journal in 2010
by Chol et al. [16]. They reported the preparation of free-standing flexible con-
ductive reduced graphene oxide/Nafion (RGON) hybrid films by a solution

Fig. 6 Scheme of OPH
biosensor
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chemistry that utilizes both self-assembly and directional convective-assembly
(Fig. 7). The performance characteristics of RGON were exploited immobilizing
OPH and examining the amperometric response of the p-nitrophenol hydrolysis
product at a potential of +0.85 V, reaching a detection limit of 1.37 × 10−7 M, and a
response time of <3 s.

As illustrated in all examples reported above, the detection limit is around
0.1 µM, which is rather higher than the one obtained using ChE biosensor (nM/pM
level), confirming the higher sensitivity of ChE biosensors.

2.3 Biosensor Based on Antibody Use

Immunosensors are affinity biosensors based on the measurement of
antibody-antigen binding. This kind of biosensors is used in security field to
evaluate the exposure of human being to OPs. The mechanism of OPs poisoning
involves the irreversible phosphorylation of the hydroxyl group of the serine
residue in the active site of AChE, leading to its inactivation. This mechanism is
exploited in the development of immunosensors for evaluating the amount of
phosphorylated AChE (OP-AChE).

Fig. 7 Illustration of a procedure to design RGON hybrids and subsequently RGON platform for
application in electrochemical biosensors. Reprinted (adapted) with permission from [16].
Copyright (2010) American Chemical Society
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A crucial example of immunosensors for OP detection was described by Du
et al. [17]. They developed an integrated lateral flow test strip based on an elec-
trochemical sensor (LFTSES) for biomonitoring of OP exposure, where anti-AChE
antibody are immobilised on the immunochromatographic strip (Fig. 8). Serum
samples of exposed people are added on the pad, and binding of both AChE and
OP-AChE to anti-AChE antibody are electrochemically evaluated adding the
enzymatic substrate acetylthiocholine. The proposed immunosensors were able to
provide parallel measurements of post-exposure and baseline AChE enzyme
activity, and reactivation of the phosphorylated AChE was exploited to measure the
total amount of AChE (including inhibited and active) which serves as a baseline
(control). Therefore, the quantification of phosphorylated adduct (OP-AChE) is
realized by subtracting the active AChE from the total amount of AChE. These
immunosensors represents a highly interesting and promising example of
point-of-care tools for the diagnosis of OP pesticide poisoning and nerve agent
exposure, useful to the first responders for the rapid identification of victims in a
nerve agent attack and consequently for a prompt medical treatment.

Fig. 8 a Entire portable analytical system, b LFTSES device, and c schematic illustration of the
principle of LFTSES device. Reprinted (adapted) with permission from [17]. Copyright (2012)
American Chemical Society
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2.4 Sensors Based on Direct Electrochemical Detection

Electrochemical sensors can be an alternative to electrochemical biosensors, with
the advantage to overcome the use of bioreceptors and the relative problem of
storage stability, even if with the drawback of a lower selectivity due to the absence
of the bioreceptor.

The use of electrochemical sensors for OP detection is largely demonstrated by
Liu et al. [18], which exploited a carbon paste electrode to determine OP using the
adsorptive stripping voltammetric technique. They exploited the ability of OPs to be
strongly adsorbed on the surface of the carbon paste transducer in order to
pre-concentrate them on the surface of the working electrode. As a result, a successive
desorption step allowed to obtain a peak, which height is proportional to the amount
of OP detected. This sensor showed a linear range of detection between 1 and 60 µM,
using methyl parathion as organophosphate model (with 2 min of adsorption time),
and a detection limit of 0.05 µmol/L with 10 min of adsorption time.

Based on the same principle, the authors developed a similar sensor using an
electrode modified with zirconia nanoparticles, exploiting the strong affinity of zir-
conia for the phosphoric group. The improved sensor showed a linear range over the
5–100 ng/mL (ppb) using methyl parathion as organophosphate model with 2-min of
adsorption time, and a detection limit of 1 ng/mLwith 10-min as adsorption time [19].

3 Blister Agents

Blister or mustard agents (MAs), are one of the most common CW agents, and are
defined as blistering compounds owing to the similarity of the lesions caused by
these substances to burns and blisters.

MAs are compounds able to generate toxic effects on living organisms, to
persistently contaminate soils and water, and embrace sulphur mustards, such as
Yperite (bis(2-chloroethyl)sulphide), and nitrogen mustards, such as HN1 (bis
(2-chloroethyl)ethylamine), HN2 or Mustine (bis(2-chloroethyl)methylamine), and
organic arsenical Lewisite (dichloro (2-chlorovinyl)-arsine) (Table 4). The name
mustard agents arises from impure weapons-grade material, which has an odour
similar to that of garlic or horseradish mustard [20]. Since 1993, CWC has pro-
mulgated several regulations, with new implementations until 1997, to prohibit the
production and the use of chemical weapons, including mustard agents.

During the war between Iran and Iraq in 1979–88, Iraq used large quantities of
chemical agents, leading to about 5 000 Iranian soldiers killed, 10–20 % by mustard
agents, and 40 000 to 50 000 injured. However, incidents are still annually
occurring in the neighbourhood of Sweden, mainly involving fishermen exposed to
mustard agents brought to the surface by fishing nets. Indeed, the background is
found in the dumping of chemical weapons after the WW I in waters off the Danish
and Swedish coasts.
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As a consequence, MAs and their degradation products, represent nowadays
highly toxic environmental pollutants, being persistent in the environment for long
term and causing high toxicity on biota and humans. MAs exposure may occur
across skin, respiratory system, genital tract, ocular surface and gastrointestinal
system, with serious acute and long term complications [21]. MAs are also known
as DNA alkylating agents, being able to generate cytotoxicity, mitosis inhibition,
mutagenesis, carcinogenesis, and colinomimethic effects. These mechanisms lead to
final DNA damages, oxidative stress, impaired energy metabolism and conse-
quently necrosis and cell death [22]. Several studies on battlefield victims
demonstrated that exposure to mustards is a traumatic event having long-lasting
effects on mental health [23].

For these reasons, MAs remain one of the highest internationally concerned
issue and are receiving increasing importance regarding their decontamination and
degradation, but in particular their detection in different environments water and
food or in human biological fluids.

Several studies have been conducted on the development of sensing systems for
the detection of mustard agents and their simulants, able to provide fast,
cost-effective, and reliable analytical tools, such as fluorescence based detection kits
[24, 25] and surface acoustic wave (SAW) sensors [26]. Among the different
detection methodologies, electrochemical (bio)sensors are receiving several efforts
in the last few years, thanks to the documented advantages of the electrochemical
transduction, especially when combined with nanostructured materials. A crucial
example is represented by the sensing system reported by Singh et al. [27] to detect
the blister agent simulant 2-choloroethyl ethyl sulfide (CEES) by electrochemical
oxidation using fast scan linear sweep voltammetry, observing oxidative currents at
around +1 V. The system was based on gold electrodes modified with a
nanocomposite film based on copper phthalocyanine (CuPc) and ionic liquid
(RTIL) 1-butyl-3 methylpyrrolidinium bis(trifluoromethylsulfonyl) imide. The
implemented sensor was able to reveal CEES in situ in a linear range between

Table 4 Physical-chemical properties and toxicity of mustard agents

Sulfur mustard Nitrogen mustard Lewisite

MW 159.1 204.5 207.3

MP (°C) 14.5 −3.7 −18 (trans/cis mix)

BP (°C) 228 (decompose) 256 (decompose) 190 (trans/cis mix)

V 610 121 4480

LD50 100 10 30

LCt50 1000−1500 1500 1400

MW molecular weight, MP melting point; BP boiling point; V Volatility (mg/m3 at 25 °C), LD50

(mg/kg) lethal dose (skin), LCt50 (mg-min/m3): lethal concentration and time (respiratory)
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1.69 × 10−5 M and 5.07 × 10−4 M with a LOD and LOQ value of 1.69 × 10−6 M
and 1.69 × 10−5 M, respectively.

A number of ad hoc nanomaterials have been exploited by the same group Sigh
et al. [28] to modify the surface of a gold electrode in order to provide the detection
of mustard agent simulants by electrochemical oxidation. Indeed, they prepared a
graphene oxide (GO) film, via chemical oxidation of natural graphite powder fol-
lowed by microwave irradiation, to modify the surface of gold electrodes showing
its excellent electrocatalytic activity to sense the mustard agent simulant
thiodiglycol (TDG) with limit of detection of 2 × 10−7 M.

More recently, Arduini et al. [29] realised a novel electrochemical bioassay for
mustard agents based on the capability of these compounds to inhibit the enzyme
choline oxidase immobilized on a screen-printed electrode modified with Prussian
Blue (PB) nanoparticles. The advantage in using PB nanoparticles is that a low
applied potential (−50 mV vs. Ag/AgCl) is employed for MA measurement, thus
allowing the detection of the mustard agents free from electrochemical interfer-
ences. The proposed electrochemical bioassay allowed limits of detection of
0.45 mM for bis(2-chloroethyl)amine, 0.1 mM for 2-chloroethyl phenyl sulfide, and
7 μM for 2-chloroethyl ethyl sulphide, showing good sensitivity and fast response,
excellent premises for the development of a miniaturised sensor well suited for an
alarm system in case of terrorist attacks.

4 Blood Agents

The name blood agent, like those of other groups of agents, derives from its effect
on victims. Blood agents are distributed via the blood and generally enter the body
via inhalation. They inhibit the ability of blood cells to utilise and transfer oxygen.
Thus, blood agents are poisons that effectively cause the body to suffocate.

Moreover, they exert their toxic effect at the cellular level by interrupting the
electron transport chain in the inner membranes of the mitochondria. Examples of
blood agents include hydrogen cyanide (AC), cyanogen chloride (CK), and arsine
(SA) (Table 5).

Table 5 Physical-chemical properties and toxicity of some blood agents

Hydrogen cyanide Cyanogen chloride Arsine

H–C≡N N≡C–Cl AsH3

MW 27.03 61.47 77.95

MP (°C) −14 −6.55 −111.2

BP (°C) 25.6 16 −62.5

V 1.000.000 Not applicable 30.900.000 (0 °C)

LD50 501 600 2.5

LCt50 2500–5000 11 000 120

MW molecular weight, MP melting point; BP boiling point; V Volatility (mg/m3 at 25 °C), LD50

(ppm) lethal dose (skin), LCt50 (mg-min/m3): lethal concentration and time (respiratory)
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Hydrogen cyanide, first discovered by a Swedish chemist in 1872, was used as
an industrial chemical long before the comprehension of its potential as a CW agent
during the WW I. French people were the first to consider it for this purpose and
used shells made from this material in the battle of Somme in 1916. Cyanogen
chloride was also available in plenty as a commercial product having applications
as an industrial intermediate during the WW I.

Cyanide has a very high affinity for iron in the ferric (Fe+3) state. On entering the
biological system, it readily reacts with trivalent iron of cytochrome oxidase (an
end-chain enzyme of cellular respiration) to form a complex, thereby impairing the
utilization of oxygen in the tissues. Eventually, death follows as a result of respi-
ratory failure. The onset and intensity of symptoms depend on the concentration of
inhaled toxic vapour and duration of the exposure. Symptoms of exposure to low
doses of HCN are weakness, giddiness, headache, confusion and, sometimes,
nausea and vomiting. Clinical signs appear only at high levels of exposure, which
include fast and painful respiration, lack of coordination of movement, cardiac
irregularities, hypoxic convulsions, coma and respiratory failure culminating in
death. Diagnosis may be aided by characteristic odour of cyanide (bitter almond) or
a faint pale-red hue of the skin.

Recent examples of electrochemical methods for cyanide detection are unex-
pectedly scarce, considering the huge amount of research in this area. Lindsay et al.
[30] reported in their review a selection of methods mostly dating before the year
2010, based on cathodic stripping mechanism, amperometry, stripping voltamme-
try, and electrochemical impedance spectroscopy. Some queries require to be
solved regarding repeatability and LODs, and could be answered through the use of
new functional materials. Indeed, recent methods to sense cyanide, exploiting these
ad hoc materials, have been reported and showed to be able to meet the require-
ments of the main international bodies for environmental protection, including EPA
that set the maximum contaminant level for cyanide of 200 μg/L in drinking water,
or European Union and the World Health Organization that set a lower limit of
50 μg/L in drinking water.

For example, ion selective electrodes (ISEs) are convenient and offer fast
response time, but have numerous interferences such as halides, pseudohalide
sulfides and various metals that are complexed by cyanide, e.g., cadmium, silver,
zinc, copper, nickel and mercury [31].

In this regard, Abbaspour et al. [32] realized a chemically modified carbon paste
electrode with 3,4-tetra pyridinoporphirazinatocobalt(II) that had no response to
halides, pseudohalides, or oxalate, giving an accurate potentiometric determination
of spiked cyanide in spring water with a LOD of 9 μM and a Nernstian slope of
60 ± 1.5 mV/decade.

A silver doped silica nanocomposite was synthesized by Taheri et al. [33] by
self-assembly of a sol-gel network and silver nanoparticles, exploiting the specific
reaction of Ag nanoparticle and CN−. Cyanide detection was determined by cyclic
voltammetry technique, measuring the decrease of cathodic peaks at around +0.9 V,
providing a LOD of 14 nM.
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A more sensitive sensor was realized by Zacharis et al. [34] based on automated
gas diffusion of HCN liberated by HCl from a 250 μL cyanide containing sample
and absorbed in a NaOH acceptor. The amperometric detection using on a silver
working electrode provided a LOD ranged from 0.05 to 0.12 µg/L depending on the
number of pre-concentration cycles, while water samples spiked with 1–10 µg/L
showed recoveries of 88-112 %.

5 Choking or Pulmonary Agents

Choking or pulmonary agents are chemicals that cause severe irritation or swelling
of the respiratory tract (lining of the nose, throat, and lungs). These agents function
in liquid, gaseous, or aerosolized forms, operating primarily by irritating the res-
piratory tract and inducing swelling in these areas. Their inhalation cause burning of
the throat, coughing, vomiting, headache, pain in chest, tightness in chest, and
respiratory and circulatory failure.

Examples of pulmonary agents include: ammonia, bromine, chlorine, hydrogen
chloride, methyl bromide, methyl isocyanate, osmium tetroxide, phosgene,
diphosgene, phosgene, chloropicrin, phosphine, phosphorus, elemental, white or
yellow sulfuryl fluoride. Some examples of pulmonary agents are reported in
Table 6.

Used as chemical weapon to impede the victim’s ability to breathe, these
compounds have prominently figured in military conflicts, notably the US Civil
War, WW I, the War in Bosnia and Herzegovina, and the Iraq War. WW I alone
saw more than 70 000 cases of gas poisoning among US troops [35].

Although disulfur decafluoride and perfluoroisobutene are both the most dan-
gerous pulmonary agents, more than 10 times with respect to other agents of this

Table 6 Physical-chemical
properties and toxicity of
some chocking agents

Phosgene Chloropicrin

MW 98.92 164.37

MP (°C) −118 −69

BP (°C) 8.3 112

V 45 000 18 000

LD50 500 9.7

LCt50 570 50

MW molecular weight, MP melting point; BP boiling point;
V Volatility (mg/m3 at 25 °C), LD50 (ppm) lethal dose (skin),
LCt50 (mg-min/m3): lethal concentration and time (respiratory)
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class, Phosgene (COCl2) is the most commonly used. It is a colourless highly toxic
gas, causing severe lung irritation, pulmonary oedema, asphyxia and even death at a
concentration as low as 2 ppm. The first recorded use of phosgene was in 1915, and
it accounted for 80 % of all chemical fatalities during WW I.

Moreover, phosgene is also a valued industrial intermediate in organic synthesis.
Therefore, developing a simple and sensitive method for phosgene detection is
highly desirable not only for public safety against terrorist attack but also for
industrial production [36].

An effective sensor for phosgene detection was realised by Virji et al. [37], based
on a novel polyaniline nanofiber composite material. They constructed, using
standard photolithography, a sensor array containing 18 sensors with each sensor
having 35 pairs of fingers with 20 μm electrode gaps. The reaction mechanism was
based on a nucleophilic substitution reaction of phosgene with the amine to gen-
erate an isocyanate and an acid. The acid dopes the polyaniline nanofibers
increasing their conductivity by up to two orders of magnitude. With this sensor
configuration, phosgene was detected well below the permissible exposure limit
(0.1 ppm).

6 Toxins

According to OPCW, toxins are effective and specific poisons produced by living
organisms, consisting of an amino acid chain which can vary in molecular weight
between a couple of hundred (peptides) and one hundred thousand (proteins).
Toxins are produced by numerous organisms, e.g., bacteria, fungi, algae and plants.
Many of them are extremely poisonous, with a toxicity that is several orders of
magnitude greater than the nerve agents. Because of the hybrid nature of toxins,
they have sometimes been considered CW agents and sometimes biological agents
(BW). Similarly, based on their mechanism of action, they are grouped as car-
diotoxins, dermatotoxins, hepatotoxins, neurotoxins, etc. Being a heterogeneous
group of compounds, they are able to interfere with biochemical processes, such as
membrane function, ion transport, transmitter release and macromolecule synthesis.
Human exposure to toxins can lead to serious health problems, including
immunosuppression and carcinogenesis.

For these reasons, they started to attract military interest already during the first
half of the last century. At that time, it was difficult to manufacture sufficiently large
amounts of toxin, which caused interest to decrease. Many of the toxins considered
at that time were sensitive to heat and light which made them unstable and
unpractical to use. The U.S.A. ended its toxin programme in the late 1960s and
destroyed its stockpile of, e.g., botulinum toxin. The Biological and Toxin
Weapons Convention of 1972 prohibits the development, production and stock-
piling of toxins as weapons.

The 1925 Geneva Protocol prohibition of use of chemical and bacteriological
weapons also covers the use of weapons based on toxins. Since the definition of
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chemical weapons includes toxins, they are also covered by the Chemical Weapons
Convention.

In the late 1970s, there was a rapid development of gene technology together
with biotechnology. This led to again arise the threat from toxins as CW agents.
Nowadays it became possible to more easily produce greater amounts of many
toxins, in some cases even synthetically. Gene technology can be used to modify
the toxin genes so that the end product shows new properties as, for example, to
become less sensitive to sunlight.

The scientific and commercial development has together provided increased
opportunities to incorrectly utilize biotechnology for military purposes. Recent
researches, for example, made it possible to “target” toxins to different body organs
or structures. This new knowledge mainly emanates from civilian research into,
e.g., the treatment of cancer patients.

Toxins are still considered to be less suitable for dispersal on a large scale.
Nonetheless, they could be used for sabotage or in especially designed inputs, e.g.,
against key persons. Since toxins have low volatility, they are dispersed as aerosols
and then taken up foremost through inhalation. The new microencapsulation
technology, which is easy to use, makes it possible to protect unstable toxins when
dispersed.

A few examples of toxins which may be used as chemical warfare agents are
listed below. The trichothecenes, mycotoxins obtained from, e.g., Fusarium genera,
were alleged in the early 1980s to have been used as CW agents in Southeast Asia
(“yellow rain”), but are of no military value today.

6.1 Mycotoxins

Botulinum toxin is the most poisonous substance known. It is also known as agent
X. Arnon et al. estimated that 1 g of this toxin, when aerosolized, could kill more
than one million people. The lethal dose for a 70-kg human is estimated to be
approximately 0.7 μg if inhaled or 70 μg if ingested. Botulinum toxin is produced
by the bacteria Clostridium botulinum, which grows on poorly preserved food and
causes a severe form of food-poisoning (botulism). The incubation period is
between one and three days after which the victim becomes ill with stomach pains,
diarrhoea, disturbances to vision, giddiness and muscular weakness. The whole
body including the respiratory musculature becomes paralyzed which leads to death
by suffocation within a few days.

The toxin is a protein available in seven different forms, where the most poi-
sonous is the type A (molecular weight 150 000 Da). It is possible to vaccinate
against botulism, while once the victim has become poisoned, there is no antidote.
Botulinum toxin is today commercially produced and is used in treating squinting
and other muscular disorders.

The literature on sensing systems for the detection of botulinum neurotoxins,
based on the modes of action of these toxins (which are well-established in
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literature), is very huge. Indeed, they are known to specifically cleave portions of
the SNARE proteins SNAP-25 or VAMP. This interaction can be monitored by
different transduction system. A central example is the study of Savage et al. [38],
which reported the development of a SNAP-25 and a VAMP biosensors for
detecting the activity of five botulinum neurotoxin serotypes (A–E) using electro-
chemical impedance spectroscopy, at concentrations as low as 25 fg/mL, in a short
time-frame compared with the current standard methods of detection.

Nevertheless, the use of biosensors to measure botulinum finds many application
in different fields, being the detection of botulinum essential for identifying its
presence in potential cases of terrorism and food contamination, as well as in
diagnosis of botulism. As an example, Chan et al. [39] described a reduced gra-
phene oxide(rGO)/Au electrode based electrochemical biosensor for ultrasensitive
detection of BoNT serotype A light chain (BoNT-LcA) protease activity in milk
samples. They fabricated rGO/Au electrodes to realise a robust and biocompatible
platform with enhanced electron transfer capability and large surface area for
SNAP-25-GFP peptide immobilization. Once immobilised, SNAP-25-GFP peptide
is specifically cut at the cleavage sites upon the addition of BoNT-LcA, conse-
quently releasing the cut section from the electrode surface. This enzymatic activity
of BoNT-LcA on SNAP-25-GFP peptide substrate was detected by monitoring the
enhanced redox probe transfer rate by differential pulse voltammetry with a linear
detection range up to 1 ng/mL and LOD around 8.6 pg/mL. The specificity of the
biosensor reported by Chan et al. was demonstrated, as well as its feasibility in
complex matrices.

A different application of botulinum biosensors is presented in the pharmaceu-
tical field. Halliwell et al. [40] reported the development of two electrochemical
bioassays for the detection of active botulinum neurotoxin in pharmaceutical
samples based on gold electrodes modified with self-assembled monolayers of the
SNARE protein SNAP-25, which is selectively cleaved by active botulinum neu-
rotoxin A. The addition of the toxin to the layer was measured by cyclic voltam-
metry and electrochemical impedance spectroscopy, performed on the modified
working electrodes to observe changes of toxin concentrations as low as 25 fg/ml,
with results being obtained in less than an hour, outperforming the mouse bioassay.
The presented sensing assay demonstrated to be able to replace currently standard
methods based on the mouse bioassay, actually considered as the most reliable
method for the detection of the active form of this toxin, but also time-consuming
and expensive.

Among mycotoxins, ricin is a very potent toxin of plant origin, isolated from the
seeds of castor oil, Ricinus communis. It inhibits ribosome proteins, and the toxic
dose for humans is about 0.1–1.0 μg/kg, depending on the mode of administration.
It was used in the famous “umbrella tip” assassination of the Bulgarian journalist.
Iraq produced and weaponized several highly potent toxins such as botulinum toxin
and aflatoxin.

A small number of electrochemical sensing systems have been reported in lit-
erature in the last years. A recent example is represented by the paper-based assay
platform of Cunningham et al. [41] for detection of an immunological ricin chain.
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The group assembled a paper platform, by simple origami paper folding, to measure
the toxin by means of quantitative, electrochemical detection of silver nanoparticle
labels linked to a magnetic microbead support via a ricin immunosandwich. The
reported sensor demonstrated to be highly advantageous thanks to the high sensi-
tivity (34 pM), robustness even in the presence of 100-fold excess hoax materials,
cost-effectiveness ($0.30 per assay), and speed response (9.5 min per assay).

A similar sandwich immunoassay format was described by Suresh et al. [42] for
the immunosensing of ricin. In particular, they developed an amperometric
immunosensor for the specific detection of Ricinus communis based on
screen-printed electrodes modified with gold nanoparticles loaded with a multi-
walled carbon nanotubes- chitosan film. Specific antibodies tagged with the enzyme
alkaline phosphatase were used to convert the substrate 1-naphthyl phosphate into
1-naphthol, consequently determined with the amperometric technique and corre-
lated with the concentration of ricin. The reported method showed high stability due
to the chitosan film, short response time with good reproducibility and increased
shelf life of the electrodes with immobilised antibodies. Furthermore, the opti-
mization of composition of carbon nanotubes and gold nanoparticles was able to
improve the electrochemical activity of the electrodes, which showed under optimal
conditions, a wide linear response to the concentration of ricin in the range of 2.5–
25 ng mL−1, a sensitive limit of detection of 2.1 ng mL−1, a relative standard
deviation of 5.1 % and storage life of 32 days.

6.2 Phycotoxins

Many toxins are produced by marine organisms. Likewise, phycotoxins may pro-
duce undesirable effects also at low concentrations, causing intoxication syndromes.

One example is saxitoxin, which is synthesized by a type of blue-green algae
(cyanobacteria). These algae provide food for different shellfish, e.g., mussels. The
mussels themselves are not influenced by the poison, but human beings who later
eat the mussels may become seriously ill. Saxitoxin attacks the nervous system and
has a paralyzing effect, but causes no symptoms in the gastro-intestinal tract. The
development of the illness is extremely rapid and at high doses death may occur
within less than 15 min. The LD50 for man is at about 1 mg. Saxitoxin is a small
molecule with a molecular weight of 370 D. It is not sensitive to heat but is
destroyed by oxygen.

Several analytical methodologies have been developed for the detection of the
main marine toxins, including biosensors for domoic acid, okadaic acid, and
tetrodotoxin [43–50]. For instance, Micheli et al. have developed a competitive
indirect test immunosensor coupled to differential pulse voltammetry for the
detection of domoic acid using disposable screen-printed electrodes [44]. Domoic
acid was conjugated to bovine serum albumin and was coated onto the working
electrode of the SPE, followed by incubation with sample (or standard toxin) and
anti- domoic antibody. An anti-goat IgG-alkaline phosphatase conjugate was used
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for signal measurement. The developed immunosensor is able to detect domoic
with LOD equal to 5 ng/mL. For tetrodotoxin detection, a direct competitive
electrochemical immunosensor was developed by Neagu et al. [46]. In the con-
struction of this immunosensor, antigen labelled with alkaline phosphatase was
prepared in order to evaluate the amount of tetrodotoxin in the sample analysed,
reaching a dynamic range comprised between 2 and 50 ng/mL and LOD of
1 ng/mL. An electrochemical multi-enzymatic system based on phosphatase-2A
inhibition for okadaic acid was assembled by Volpe at a [50]. The amount of
okadaic acid was estimated evaluating the degree of inhibition of protein
phosphatase-2A, which is proportional of the okadaic amount. The basic reaction of
this system is the one catalyzed by the Phosphorylase a that converts glycogen and
phosphate (P) into glucose-1-P, which in turn produces glucose through the use of
alkaline phosphatase. The glucose is then converted by glucose oxidase into H2O2

which is electrochemically oxidized at the platinum electrode inserted into a flow
injection analysis, allowing for a working range of 30–250 pg/mL.

7 Electrochemical (Bio)Sensors for in Situ Measurement
Versus Laboratory Set-up Methodologies

Having an analytical device easily used by unskilled personnel for in situ applica-
tion, has led scientists to integrate the electrochemical (bio)sensors in portable and
embedded apparatuses. In this context, significative examples were reported for
nerve agent detection. For instance, Du et al. [51] have developed a portable set-up
based on the use of screen-printed electrode modified with carbon nanotubes com-
bined with a microflow-injection device for OP detection. This analytical system was
able to assess the presence of inhibited AChE in saliva via regeneration of AChE,
demonstrating the suitability for subclinical organophosphate exposure evaluation.

In the direction of automatisable systems, an interesting work was reported by
the Hart’s group; in this case, an array on six engineered acetylcholinesterase
screen-printed electrodes was integrated in a novel automated instrument coupled
with a neural network program. The system was successfully applied in several
samples like water, food and vegetable extracts, demonstrating the possibility to
cover the detection of several pesticides in a number of matrices by using an
automatic and portable system [52].

The first example of lab-on-a-chip based on an electrochemical cholinesterase
biosensor was developed by us using butyrylcholinesterase immobilised on
screen-printed electrodes modified with Prussian Blue. In this case, the probe can be
able to detect inhibitors like Sarin in gas phase using a micro fun for air sampling.
The integrated miniaturized circuit is able to apply the potential, to register the
current, to turn on-off the fan and eventually give an alarm switching on a led,
demonstrating the readiness of the electrochemical biosensor for a rapid alarm in
the case of nerve agent pollution in air [53].
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In order to understand the feasibility of the electrochemical biosensor use, a
comparison with commercial available portable instruments is mandatory.

Various kinds of on-site nerve agent detection equipment are used by the mil-
itary and police mobile teams. The portable devices are based on ion mobility [54],
surface acoustic wave [55], gas chromatographs coupled with mass spectrometer
(Hapsite® instrument) [56]. The commercial available systems are characterized by
high selectivity and sensitivity (i.e. Hapsite), but at the same time, the instruments
are difficult to further miniaturize and rather expensive. On the contrary, the lab on
a chip based on cholinesterase biosensor is characterized by cost-effectiveness,
easiness to use, can be easily automatized (Fig. 9) and applied for security moni-
toring in airports, undergrounds, etc.

In this direction, the lab on a chip based on electrochemical (bio)sensors is an
useful first alarm system able to give a rapid alarm, sustaining the management of
chemical risk in the case of terroristic attacks.
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Abstract There is a growing demand for rapid and reliable methods of determi-
nation of microorganism contamination of waters and food products to ensure
quality assurance and to improve the health care system in general. Majority of the
available methods for determination of microorganisms in foods are time con-
suming and expensive. In recent years, different approaches have been attempted to
develop alternative procedures for determination of microorganisms. In the present
chapter, we summarize the recent achievements in the development of synthetic
recognition systems based devices for monitoring the presence of microorganisms,
such as bacteria, bacteriophages, and viruses, in waters and food products.
Molecular imprinting has been most successful in devising relevant synthetic
receptors. Application of these recognition systems for determination of microor-
ganisms is herein described in detail.
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List of abbreviations

ASPV Apple stem pitting virus
CV Cyclic voltammetry
cfu Colony forming unit
DMSO Dimethylsulfoxide
DLS Dynamic light scattering
DNA Deoxyribonucleic acid
µIDC Micro interdigited capacitor
EIS Electrochemical impedance spectroscopy
ELISA Enzyme-linked immunosorbent assay
FESEM Field emission scanning electron microscopy
LOD Limit of detection
LOQ Limit of quantitation
MIP Molecularly imprinted polymer
MIPPy Molecularly imprinted polypyrrole
OPPy Overoxidized polypyrrole
PM Piezoelectric microgravimetry
PMA Poly(methacrylic acid)
PPy Polypyrrole
PSS Poly(styrene sulfonate)
PVC Poly(vinyl chloride)
PVP Polyvinylpirrolidone
SG Sol-gel
SEM Scanning electron microscopy
SiNP Silica nanoparticle
SPR Surface plasmon resonance
SRB Sulfate-reducing bacteria
TMV Tobacco mosaic virus
TYMV Turnip yellow mosaic virus
VLP Virus like particle

1 Introduction

With the increase of people awareness over the past few decades, the world demand
for clean drinking water and healthy food supply have increased enormously. The
domestic (sewage, solid waste disposal, low hygienic living conditions, etc.) and
industrial pollutants have increased the risk of contamination of food products and
water sources with microorganisms. Microorganism, such as the E. coli bacteria,
lives in intestine of warm-blooded animals and humans. The presence of E. coli in
water is a strong indication of sewage or animal waste contamination [1]. Together
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with other species of bacteria, e.g., V. cholera, these microorganisms are sources of
serious waterborne diseases.

Different analytical methods are available for continuous monitoring of
microorganism contaminants in water and food products [1], however, most of
them use procedures involving culturing of these microorganisms. Unfortunately,
this culturing is time consuming, usually taking 24–48 h and rather expensive.

Importantly, short determination time and easy operation with minimum inter-
ference of close analogs of analytes are two of many important requirements for
successful application of chemosensors in a real world analysis of contaminants. For
that, chemosensors using electrochemical [2] and electrical [3] transductions offer
easy operation towards determination of target analytes. Additionally, possibility of
miniaturization, ease of use, and a low cost make these determinations promising.
Other than these, several transductions are used to develop sensing platforms for
on-line monitoring of microorganisms. These include piezoelectric microgravimetry
(PM) [4, 5] and surface plasmon resonance (SPR) [6, 7]. Unfortunately, selectivity of
chemosensors using these transductions without any recognition is low.

To incur desired selectivity in chemosensing, surface of transducers is modified
mostly with polymer based recognition units [8, 9]. Typically, these units, fabri-
cated in the form of thin films, are deposited directly on the transducer surface.
Detectability and selectivity of these polymer-based chemosensors are appreciable.

Selective receptors using target analytes as templates have become more and
more popular [9–13]. These receptors often reveal stability constants of formation of
complexes with analytes similar to those of biological receptors [14]. Generally, the
procedure of molecular imprinting involves polymerization of functional monomers
with cross-linking monomers in the presence of a template, which is most often the
analyte itself (Scheme 1). Subsequent removal of the template leaves in the resulting
molecularly imprinted polymer (MIP) molecular cavities complementary in their

Scheme 1 Consecutive steps of molecular imprinting (Adapted from [13].)
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size, shape, and orientation of recognition sites to those of the template molecule.
This imprinting generates shape-selective molecular cavities, which allow discrim-
inating between close structural analogues of the analytes.

Three main strategies were developed to design molecular cavities in MIPs,
namely, (i) covalent, (ii) non-covalent, and (iii) semi-covalent imprinting [15].

In covalent imprinting, templates are covalently bound to functional monomers
during MIP preparation [16]. After polymerization, the template is removed by
bond cleavage and the recognition sites of the molecular cavities left are capable of
binding the target analyte molecule by re-establishing the same covalent bonds.
Unfortunately, this imprinting involves derivatization of the template molecule,
which adds an additional preparation step.

In non-covalent imprinting [17–19], interactions between functional monomers
and the template during polymerization, including hydrogen bonding, ion-pairing as
well as dipole-dipole and hydrophobic interactions, are reproduced in subsequent
analyte binding by the template-free molecularly imprinted cavities of an MIP. Due
to its simplicity, this strategy is most commonly used.

Semi-covalent imprinting combines advantages of both covalent and
non-covalent imprinting [20–22]. In this strategy, initially, a template is trapped in
the polymer matrix by covalent bonds. Then, after template removal, the analyte is
bound in a molecular cavity through non-covalent interactions.

Application of molecular imprinting for devising recognition units of chemical
sensors [10] and stationary phase materials for solid-phase extraction (SPE) [23–25]
appears promising for MIP commercialization. Now, MIP based SPE sorption
materials for extraction of traces of toxins, such as patulin, aminoglycosides, and
bisphenol A, are commercially available. Unfortunately, despite variety of selective
chemosensors devised in last decades [9, 10, 15], no chemosensor based on MIP is
available on the market yet. Although sensing results presented in all reports cited
above are very promising, the chemosensors described seek much improvement
before commercialization. Undoubtedly, we will see first commercial chemosensing
devices based on MIPs in the nearest future.

For on-line measuring, MIPs devised using non-covalent imprinting for
chemosensing appeared efficient in comparison to MIPs using covalent imprinting
[8, 17–19, 26–29]. In the earlier approaches, as mentioned above, an analyte binds
in molecular cavities through weak and easy to disrupt interactions. Mostly, an
excess of a carrier solution is sufficient to accomplish this latter task under
flow-injection analysis (FIA) conditions [8, 17–19, 26–29]. However, in later
approaches, there was a need to break strong covalent bonds between an analyte
and a molecular cavity, which required different reaction conditions than those of
subsequent recognition.

Until now, several reports claimed obtaining repeatable responses of MIP
chemosensors devised using non-covalent imprinting, operating under FIA condi-
tions [10, 17, 18, 26, 28, 29]. Advantageously, these chemosensors were inex-
pensive and could work under harsh conditions. These are just only few important
advantages supporting suitability of the MIP based chemosensing systems for
on-line analyte detection.
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The present chapter critically summarizes the available information on the MIP
based materials devised so far for microorganism determination in waters and food
products (Tables 1 and 2). Moreover, we highlight here with some representative
examples of imprinting of microorganisms using different strategies (Tables 1 and 2).

2 Microorganism Imprinting

In comparison to relatively easy imprinting of small molecules, molecular imprinting
of whole microorganisms is challenging. Major difficulty in the latter imprinting is a
huge size of microorganisms. Therefore, this size restricts their removal from the
molecular cavities formed. Then, during recognition, this huge size makes the
microorganism diffusion within the polymer matrix slow resulting in a long response
time of chemosensors. To cope with these challenges, several strategies have so far
been developed. They aim at optimizing MIP preparation procedures and MIP
matrix composition to improve the imprinting. For instance, MIPs were prepared
with different degree of cross-linking [30] or in a form of nanoparticles with the
well-defined surface [31] for easy diffusion of the microorganism analyte to and
from molecular cavities. Moreover, on the large surface of a microorganism, density
of possibly accessible recognition sites is high. This high density requires either high
number of mono-functional monomer molecules or functional monomers with many
functionalities for establishing non-covalent interaction equilibria.

The earliest successful attempt of bioanalyte imprinting engaged emulsion
polymerization resulting in polyamide beads templated with bacteria on the inter-
face [32, 33] (Scheme 2). On the surface of the resulted beads, there were aniso-
tropic patches of addressable functionalities of exactly the same size and shape as
those of the microorganism template. To decrease non-specific binding, the exposed
surface was derivatized with diisocyanato-terminated perfluoropolyether.
Interestingly, this lithographic procedure did not use any specialized reagents or
instrumentation. The SEM imaging of these beads after template removal showed
the presence of 100–200 nm deep indentations (Scheme 2). The MIP material
obtained based on this procedure was suitable for selective removal of bacteria cells
from a test solution.

3 Imprinting of Microorganisms in Bulk Polymer

Another early approach described microorganism imprinting in hydrogel monoliths
by bulk polymerization of monomer mixtures containing the microorganism tem-
plate and a small amount of solvent acting as the porogen [30, 34–36]. Hydrogel is
a three-dimensional insoluble polymer network, which can be homogeneously
dispersed in water. High hydrophilicity of a hydrogel allows stronger biomolecule
accommodating [37]. Moreover, hydrogels are biocompatible. For their preparation,
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polyallylamine was mostly used as the functional monomer [34, 35] (Table 2). The
resulting imprinted polymeric hydrogel monolith was cut in order to produce suf-
ficiently small-size particles with a reasonable fraction of accessible molecularly
imprinted sites. Hydrogels of this type were designed to work as “sponges” capable
of selective removal of pathogenic microorganisms from blood [34, 35].

For preparation of homogeneous molecularly imprinted cavities, virus aggre-
gation in a pre-polymerization solution was prevented by using an optimized
amount of functional monomers. In one example, an MIP hydrogel prepared for
recognition of the tobacco mosaic virus (TMV) showed 2.1-fold higher affinity to
TMV than the non-imprinted polymeric hydrogel did [34] (Table 2). This MIP
hydrogel was suitable for separation purposes but it was not suitable for more
advanced applications, such as that of serving as the recognition unit of a
chemosensor.

Recently, a hydrogel MIP based chemosensor was fabricated for apple stem
pitting virus (ASPV) [38] (Table 2). To provide additional selectivity to the
molecular cavities imprinted, a polymerizable aptamer was devised and used as the
functional monomer for ASPV imprinting. In the presence of the ASPV template,
this monomer was copolymerized with additional functional monomers (N-iso-
propylacrylamide, acrylamide, and N,N′-methylene bisacrylamide) as well as the
cross-linking monomer (N,N,N′,N′-tetramethylethylendiamine) to form imprinted
cavities featuring multiple recognition sites. This hydrogel shrank in the presence of
ASPV. This shrinking linearly depended on the virus concentration in the range of
1.0 × 10−2 to 1.0 µg mL−1.

Scheme 2 Basic steps of the lithographic strategy of preparation of bacteria imprinted polyamide
beads (Adapted from [32].)
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Other than polyallylamine, several reports described the use of the acrylic acid
and acrylamide derivative based functional monomers for imprinting the bacteria
and virus microorganisms [50, 53, 54, 56, 57] (Tables 1 and 2). Instead of preparing
an MIP in the bulk form, in some reports, the pre-polymerization solution was drop-
or spin-coated on surfaces of different transducers to prepare an MIP in the form of
a thin film [54]. This film served the role of a recognition unit of a chemosensor.
Towards that, the influenza A virus was successfully imprinted [53]. Binding this
virus by molecular cavities of the resulting MIP was recognized with piezoelectric
microgravimetry (Table 2). This MIP well discriminated between virus subtypes. In
this approach to preparation of the chemosensor recognition unit, thickness of the
MIP film was an important criterion. That is, removal of the template from a thin
MIP film was, as expected, easier than from a thick MIP film.

Thin films of organically modified silica produced by a sol-gel method were
imprinted with whole cells of different microorganisms in order to devise an
alternative matrix for imprinting [39, 46] (Fig. 1). This sol-gel method for

Fig. 1 SEM images of the bacteria-imprinted sol-gel films after removal of bacteria templates
(a) B. subtilis, (c) E. coli as well as the same films (b) and (d), respectively, after 30-min exposure
to the respective bacteria suspensions (Adapted from [39].)

150 P.S. Sharma et al.



polycondensation of silanes, used ambient conditions in comparison to those
mentioned above of acrylate polymerization. Worth mentioning, an acrylate based
functional monomer requires UV light or heat (*60 °C) for polymerization.
However, these conditions are destructive for microorganisms. Therefore, several
microorganisms including D. radiodurans, E. coli, S. natans, and B. subtilis [39,
46] were imprinted in sol-gel matrices (Fig. 1). After removal of the entrapped
bacteria template, membrane components of these bacteria were left entrapped in
the molecular cavities of the film [39]. These components provided selectivity to the
imprinted matrix.

4 Microorganism Imprinting on a Polymer Surface

An interesting strategy involved “stamping technique” to form a polymer film
deposited on a transducer surface with well-organized molecular cavities for bulky
macromolecules [40–42, 49, 53, 57, 58]. For that, microorganisms were first drop-
or spin-coated on glass microscope slides to prepare molecular stamps (Scheme 3).
Then, theses stamps were pressed against the pre-polymerized solution coated
transducer surfaces. Constant pressing force applied to the resulting sandwich of the
stamp-template-sensor film transducer provided good mechanical contact between
the polymer and the cell walls of the microorganisms (Scheme 3) [59]. Most often,
polyurethane matrix was used for this preparation [40, 41, 53]. Typically, poly-
urethanes cure overnight under ambient conditions. The microorganism stamp was
reasonably easy to remove with hot water leaving behind well-arranged molecular

Scheme 3 Steps of the
stamping technique for
microorganism imprinting
(Adapted from [53].)
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cavities. For improving operation performance, the polymer composition was
optimized to increase reversible interactions between the imprinted cavities and the
microorganisms. For that, a phenolic functionality was added to the highly
cross-linked polymer matrix. Besides, the phenolic group afforded wetting to the
polymer surface.

Similarly, microorganism stamps were prepared with silanes. They were
produced by the sol-gel method [42]. The resulting relatively rigid matrix was
suitable for fabrication of materials to be used in an on-line measuring system. The
sol-gel method provided robust MIP films efficiently operating under harsh con-
ditions. Importantly, high affinity towards microorganisms of the imprinted sol-gel
films was governed not only by morphology of the imprinted cavity (rod, coccus, or
tetrad) but also by binding functional groups present on the outer surface of the
bacteria cell. These groups guided orientation of recognizing functionalities in the
course of formation of these cavities. In effect, the resulting MIP film was able to
discriminate between different species of the bacteria tested despite their similar
shape.

The stamping technique was used to form imprints of TMV and human
Rhinovirus serotype 2 in a microfluidic device [50] (Fig. 2). This devise contained
microinterdigitated capacitor (µIDC) strips coated by MIP films for TMV detection
by contact-less dielectric measurements. The virus stamps were prepared on a
polyvinylpyrrolidone, PVP, and poly(methacrylic acid), PMA, copolymer.

The results obtained with the surface stamping technique were promising,
therefore prompting the necessity of formation of homogenous molecularly
imprinted cavities on the polymer surface. For that, an alternative strategy was then
developed. This strategy consisted of three distinct steps, which included (i) im-
mobilization of the microorganism template on the polymer surface, (ii) equilibra-
tion of the template-modified surface with a mixture of functional monomers,
(iii) polymerization to grow a polymer coat around the template, and (iv) removal of
the immobilized template to empty out the imprinted cavities. However, this
strategy needed careful optimization of thickness of the polymer coat. This was
because an overgrowth of the polymer could end up in permanent entrapment of the
template in the polymer matrix.

A few recent reports described surface imprinting of turnip yellow mosaic virus
(TYMV) [60] and human norovirus [55] with organosilanes. For that, the TYMV
was covalently immobilized with glutaraldehyde on silica nanoparticles (SiNPs)
[60] (Scheme 4). Then, a silsesquioxane film was grown on top of this virus
modified SiNPs. The silsesquioxane molecules containing the −OH and −NH2

functional groups self-assembled on the virus surface, and then they were poly-
condensated. The resulting film growth was followed by the field emission scanning
electron microscopy (FE SEM) measurements. The SEM image revealed the
presence of open cavities with an average diameter of 20 nm on the surface of
SiNPs (Scheme 4). The binding assays demonstrated that 84 % of the TYMV
template was bound to SiNPs while only 10 % of the non-templated tomato bushy
stunt virus was bound to these particles [60]. This result confirmed selectivity of the
SiNPs surface imprinted with TYMV.
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Quite similar strategy was adopted to produce monoclonal MIPs in the form of
nanoparticles [56]. For synthesis of these MIPs, MS2 bacteriophage was employed
as the template. Nanoparticles of these MIPs were prepared using a new automated
solid-phase method. That is, the MS2 template was immobilized on the surface of
glass beads for imprinting. Then, acrylamide based functional monomers were used
to imprint this surface immobilized bacteriophage. A dynamic light scattering
(DLS) measurement confirmed the success of the synthesis of nanoparticles with the
size of 200–230 nm. These nanoparticles were then immobilized on SPR chips for
devising a chemosensor for the MS2 bacteriophage (Table 2). The MIP nanoparti-
cles fabricated that way were able to bind the MS2 bacteriophage reversibly. The
mean affinity of the MIP to the MS2 bacteriophage was at the nM level. The limit of
detection of the resulting chemosensor was 5 × 106 plaque forming unit mL−1.

Fig. 2 a The picture of the microfluidic biochip composed of a glass support with contact-less
dielectric microsenors, b the photo of the high-density microinterdigitated capacitor (µIDCs) of 5-
µm width Au strips and 1000-µm length separated by 5 µm, c the AFM image of the TMV virus
stamp used to imprint the poly(methacrylic acid), PMA, and polyvinylpyrrolidone, PVP,
copolymer (Adapted from [50].)
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5 Microorganism Imprinting in Conducting Polymers

The first and most important requirement to construct a sensitive chemosensor is to
have a close proximity of the recognition unit to the transducer surface for precise
measurement of small changes in physico-chemical parameters of this unit.
Therefore, conducting conjugated polymers are still more frequently used ones to
construct these units [8, 61]. A single-step preparation procedure and high con-
ductivity are desirable properties of these polymers making them suitable for that
purpose. Conducting polymer derivatives are biocompatible and, therefore, widely
applied for immobilization of enzymes and DNAs for biomolecule chemosensing
[62, 63]. Moreover, these derivatives are extensively used in staining cytoplasm of
living cells for generating stable fluorescence without cell damaging [64, 65].

Other than acrylic and sol-gel based functional monomers, monomers producing
conducting polymers are widely used for imprinting because of the above indicated
advantages of these polymers [45, 48, 66]. The number of reports on chemical
sensors with conducting MIP films used as recognition units is growing enormously
[8–10]. Initial examples described the use of the polypyrrole (PPy) conducting
polymer for imprinting of ions [67, 68]. Those studies concluded that ion dopants
were incorporated in this conducting polymer to compensate for a cationic charge
incurred by the polymer backbone [67, 68]. This feature was then utilized for
selective recognition of some inorganic anions [67, 68].

Similarly, efforts were undertaken to imprint microorganisms in conducting
polymers [44, 45, 48, 66, 69]. Several reports revealed successful entrapment of
bacteria in PPy films without losing their viability [45, 48, 66]. The pKa values of
the B. Subtilis bacteria species used as the template for imprinting were 4.8, 6.9, and
9.4, corresponding to the carboxy, phosphate, and hydroxy functional surface
groups, respectively. These values confirmed that anionic groups dominate on the

Scheme 4 Consecutive steps of preparation of MIP surface imprinted with turnip yellow mosaic
virus (TYMV). Step 1, covalent immobilization of the TYMV template on the surface of SiNPs (in
black). Step 2, addition of silane to build the recognition film (in grey). Step 3, removal of the
immobilized template to empty out the imprinted cavities (Adapted from [60].)
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microorganism surface in neutral solutions. Therefore, direct insertion of bacteria in
a positively charged conducting polymer was possible (Scheme 5). Further
fluorescence microscopy imaging proved entrapment of living bacteria in the
polymer matrix [66].

Application of conducting polymers for microorganism imprinting solved one of
the most important MIP issues, i.e., the problem of incomplete removal of templates
from molecularly imprinted cavities. That is, the microorganism templates were
electrostatically ejected from the conducting polymer matrix simply by electro-
chemical overoxidation [48]. Moreover, verification of template removal in many
instances was quite easy [8, 10]. Importantly, this overoxidation treatment pre-
served the cavity shape in the polymer matrix. Toward that, the PM [48] and CV
[44] based chemosensors were prepared for determination of the E. coli [48] and
Bacillus subtilis [44] spores, respectively.

Now, deposition of conducting MIP films by electropolymerization is the most
common procedure suitable for these films directly growing on the surface of
transducers [10]. Therefore, this procedure was further extended to deposit bio-
compatible chitosan for imprinting of the sulfate-reducing bacteria, SRB, (Fig. 3)
[47] (Table 1). Faradic impedance measurements in the presence of the Fe(CN)6

4−/3−

Scheme 5 Consecutive steps of entrapment of the bacteria template in a conducting polymer
during polymerization; OPPy stands for overoxidized polypyrrole (Adapted from [48].)

Fig. 3 AFM images of the polymer film imprinted with sulfate-reducing bacteria, SRB a before
and b after the SRB template removal, c the change in the charge transfer resistance of the
impedimetric chemosensor before and after immobilization of different bacteria species (Adapted
from [47].)
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redox probe revealed that the charge transfer resistance of the MIP film increased
because of binding of SRB in molecular cavities of the MIP. Moreover, the
chemosensor was selective with respect to different bacteria species including S.
aureus, M. luteus, V. alginolyticus, and V. anguillarum.

6 Conclusions

After decades of improvement, several contemporary analytical devices have
revealed the capability of on-line detection of the microorganism contamination of
foods, waters, and environmental samples. To a large extent, application of syn-
thetic polymers as recognition units in these devices has provided the much needed
selectivity with respect to microorganism determination. Selective cavities gener-
ated in these polymers can distinguish different species of bacteria and viruses.
Additionally, development of different procedures of MIP synthesis has allowed
improving the MIP performance. Tables 1 and 2 summarize figures of merit of
majority of the procedures developed to-date in this active area of research.

Undoubtedly, microorganisms are entrapped in the imprinted polymer matrices
as templates. However, subsequent removal of these templates is still challenging,
especially from the polymer bulk. This removal is slow and requires application of
rather drastic conditions (Tables 1 and 2). Application of these conditions limits the
lifetime of MIPs. In contrast, template removal from a surface imprinted polymer is
easier and much faster (Table 1). Therefore, application of surface imprinting for
devising chemosensors for determination of microorganisms is increasing. These
chemosensors appeared to be more robust than the relevant biosensors and
chemosensing less time consuming than the ELISA test.
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Electrochemical DNA Biosensors
for Bioterrorism Prevention

Hafsa Korri-Youssoufi, Anna Miodek and Wadih Ghattas

Abstract In the wake of letters containing anthrax spores terrifying the USA and
other letters containing unidentified white powders circulating all over the world,
the threat of bioterrorism attracts the attention of the general public as well as
scientist. Therefore, it is urgent to develop rapid, sensitive, and high-throughput
diagnostic methods able to counter attacks of bioterrorism by elucidating the
suitable actions that should be implemented to prevent serious epidemic diseases.
Numerous such methods are in development but Nucleic Acid Detection is the
standard employed for identifying most biological agents that are used in bioter-
rorism. This method is based on PCR assays via the classical techniques of
amplification and fluorescent detection. On the other hand, electrochemical
biosensors are promising platforms that could achieve rapid highly sensitive and
selective onsite detection of such agents. This chapter will present the recent
developments in electrochemical biosensors for preparing DNA detection platforms
that could be used to prevent attacks of bioterrorism.

Keywords Bioterrorism � Bio-agents � DNA � Biosensors � Electrochemical

1 Introduction

Biological agents (bio-agents) were used as weapons of war for many centuries but
more recently the threat of bioterrorism has attracted great attention because of the
letters containing anthrax spores, which terrified the USA and the other letters
containing unidentified white powders, which circulated all over the world [1]. The
Center for Disease Control and Prevention (CDC) classifies bio-agents based on
their potential risk and those that can be used in attacks of bioterrorism are found
mainly in three classes (A, B and C). More than 160 species of microorganisms
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have been recognized as pathogenic of which, thirty could be used in bioweapons.
Examples of such bioagents include Bacillus anthracis, Yersinia pestis, Brucella
spp., Francisella tularensis, Burkholderia pseudomallei and Clostridium botuli-
num. More importantly, some of these possess the characteristics that make them
ideal candidates for preparing attracts of bioterrorism. These characteristics are the
eased availability, production, storage and dissemination as well as the high viru-
lence, infectivity and lethality. Additionally, bio-agents that can infect via the
respiratory route by inhalation of aerosols are favored for bioterrorism but other
possible route of infection, such as digestive contaminations (ingestion of con-
taminated water or food) and percutaneous contaminations could also be exploited.

The rapid detection and identification of the threatening bio-agents are crucial to
counter attacks of bioterrorism by elucidating the suitable actions that should be
implemented to disinfect pollutants and cure infected individuals. Therefore, it is
urgent to develop rapid, sensitive, and high-throughput diagnostic methods able to
tackle bioterrorism and prevent serious epidemic diseases. Furthermore, the upmost
advantage is to develop a portable and user-friendly instrument capable of onsite
simultaneous identification of multiple bio-agents. Numerous methods have been
used for the detection and identification of bio-agents but DNA detection is the
hallmark method of accurate identification of most specimens. It is based on PCR
assays through classical techniques of amplification and fluorescence detection.
New advanced DNA sensing technologies are developed by using a recognition
system paired with a transducer that transforms the recognition into an analyzable
signal. Electrochemical biosensors are promising platforms that achieve highly
sensitive and selective detection of bio-agent. This chapter will present the recent
developments on electrochemical biosensors for DNA detection platforms that
combine a biological recognition system with artificial transducers.

2 Bioterrorism Agents

2.1 Brief History of Bioterrorism

The use of biological agents as weapons of war has marked the history of inter-
national conflicts. Historians agree that in 1346 the agent of plague Yersinia pestis
has been unintentionally employed by the Genoese Tatars during the siege of the
city of Caffa. The Tatars smuggled the bodies of their contaminated dead comrades
inside the city walls, hopping to further grime the life of the besieged citizens and
accelerate their surrender. Their act resulted in a plague-ridden city, which was
abandoned by survivors most of whom traveled across Europe spreading plague
and causing one of the origins of Black Death that killed 20 to 30 million Europeans
[2]. In the 20th century, the field of biological weapons was significantly advanced
by modern microbiology and by the knowledge gathered from multiple applications
that took place in international and civil wars. For example, during the First World
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War, German agents used anthrax to infect the animals of the allied powers and in
the Second World War as well as in the Cold War several countries had secret
programs for biological weapons development.

In 1972, the Biological Weapons Convention prohibited the development,
production and stockpiling of biological weapons. 173 countries have ratified this
convention but unfortunately this did not stop isolated attacks of bioterrorism.
Examples such as the intentional contamination by Salmonella typhimurium of
salad bars in Oregon restaurants by some of the Rajneeshee cult followers in 1984
[3] and the release of nerve gas sarin in a Tokyo subway by some of the Aum
Shinrikyo cult followers in 1995 [4] illustrate the feasibility of using bio-agents by
terrorists either for political, religious, or other purposes. Biohazards may also be
inflicted accidentally similarly to the incident that took place in April 1979 in
Sverdlovsk (USSR). Information about the incident remains classified but it is
suspected that aerosolized spores of Bacillus anthracis were accidentally leaked
from a military laboratory infecting 79 people of whom 68 died [5]. Such examples
demonstrate the potential high lethality of bio-agents and emphasize the need for
developing efficient counter measures.

2.2 Description of Bioterrorism Agents

The NATO glossary defines a biological agent as “A microorganism that causes
disease in personnel, plants, or animals or causes the deterioration of materiel”. This
includes toxins which are substances naturally produced by bio-agents. In this case,
the limit between biological warfare agents and chemical agents is blurred.
Bio-agents possess unique properties that enhance their attractiveness to individuals
or groups wanting to inflict high morbidity and mortality on a human population.
As mentioned earlier they are classified in three categories. Category A agents pose
the greatest threat because of their relative ease of transmission, infliction of high
rate of mortality as well as their ease of production, transport and dissemination.
Category B agents are moderately transmissible and inflict morbidity with low rate
of mortality. Finally, Category C agents refer to emerging pathogens and are
potential risks for the future. Table 1 sites some of the main biological agents that
may be used for bioterrorism along with their most notable characteristics [6].

2.3 Approach of Detection

There are currently several methods in use and in development for the identification
of biological agents [7]. Some detection systems are based on metabolomics by
following for example the consumption patterns of characteristic substrates or by
detecting characteristic fatty acid profiles. Other more specific methods include
immunological detection and protein imprint identification using proteomics.
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Nonetheless, the most commonly used technic is still nucleic acid detection via
quantitative PCR. It is based on PCR assays through classical techniques of
amplification and fluorescent detection. This method is reliable and specific able to
detect variants and genetically modified strains. Nevertheless quantitative PCR is
relatively time consuming and cannot be miniaturized to portable devices that are
essential for taking fast actions in case of attacks. On the other hand, electro-
chemical biosensors are promising platforms that could achieve rapid highly sen-
sitive and selective onsite detection of such agents.

3 Electrochemical DNA (E-DNA) Biosensor

3.1 Definition of Biosensor

According to The IUPAC definition, a biosensor is a device that uses specific
biochemical reactions mediated by isolated enzymes, immune-systems, tissues,
organelles, DNA or whole cells to recognize targeted chemical or biological com-
pounds. The effect of the recognition process is transformed by a composite called
transducer into an observable and measurable electrical signal. The modification of
the signal is directly proportional to the concentration of the target in the sample and
can be measured by different techniques such as electrochemical [8], optical [9],
piezoelectric [10], conductimertic [11], spectrophotometric [12] or calorimetric [13].
Biosensors are classified according either to the nature of the biomolecules immo-
bilized on their surface and are responsible for the recognition or to the type of
interaction they engage with the target. DNA biosensors are devices in which
oligonucleotides are attached to the transducers and in which the detection is owed to
the formation of double-strand (ds) DNA via the hybridization between the
single-strand (ss) DNA acting as a probe linked to the transducer and the target
ssDNA comprising the complementary sequence of nucleotides specific to the probe.

The important parameters that characterize biosensors are the dynamic range and
the linear range of detection, the limit of detection, the sensitivity and the

Table 1 Characteristic of the main biological agents that could be used in bioterrorism

Agents Diseases Biological threat level Lethality

Bacillus anthracis Anthrax A +++

Yersinia pestis Plague A +++

Clostridium botulinum Botulism A +++

Francisella tularensis Tularemia A +++

Variola Major Small pox A +++

Listeria monocytogenes Listeriosis B ++

Brucella melitensis Ovine Brucellosis B +

Escherichia coli O157: H7 Hemolytic Uremic Syndrome B +

Salmonella genus Typhoid fever, paratyphoid fever B +
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selectivity. The dynamic range represents the concentration range of target up to the
highest that provides an observable response signal. The linear range represents the
concentration range of target that provides a linear response signal. The slope of the
linear range corresponds to the sensitivity of the biosensor. The lowest concen-
tration that can be measured corresponds to the limit of detection (LOD) and by
extrapolation of the dynamic range curve the detection limit (DL) can be calculated
according to various methods described in analytical techniques. The most com-
monly used methods in biosensor devices are those that take into account signal to
noise ratio of 3, where DL is obtained by the equation:

xDL ¼ a0 þ 3sbl
a1

Where sbl is the standard deviation, αo the result of the measurement obtained
with a blank test and α1 is the sensitivity.

Electrochemical biosensors are attractive devices for the identification of bio-
molecules due to the possibility of their miniaturization, their low manufacturing
cost and their ability to directly measure the electrical signal derived from the
detection of targets. The choice of the transducer has a significant impact on the
characteristics of the biosensor. Transducers that are commonly reported for the
construction of electrochemical biosensors are conductive organic polymers
(polypyrrole [14], polythiophene [15], polyaniline [16]), carbon nanotubes [17],
graphene [18], metal nanoparticles (gold nanoparticles [19]), and gold electrodes
modified with self-assembled monolayers [20]. To enhance the electrochemical
signal, transducers can be additionally associated with a redox marker as for
example ferrocene [21], quinone [22] and metalloporphyrins [23]. Different
methods are described for the attachment of biomolecules to transducers such as,
physical adsorption, electrostatic interactions, chemical cross-linking, covalent
grafting, immobilization through affinity systems like biotin/streptavidin [24] or
adamantane/β-cyclodextrin [25], entrapment in polymers [26] or sol-gels [27].

The detection by DNA biosensors has been achieved using both indirect and
direct methods. Indirect methods require further steps after DNA hybridization to
accomplish the measurement, while direct electrochemical DNA sensing approa-
ches are capable of directly measuring DNA hybridization without any further step.

3.2 DNA Detection Based on Indirect Strategy

Indirect methods of detection rely on sensors in which two different DNA probes
are used. The primary probe DNA is attached to the transducer and the secondary
probe DNA is labeled either with an enzyme, a redox marker or nanoparticles. The
hybridization reaction is then monitored either via the redox signal of the product of
the enzymatic reaction, the redox signal of the electroactive markers or the
enhancement of redox signal by the presence of conducting nanoparticles,
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respectively. Other indirect strategies rely on using redox DNA intercalators that
possess an affinity for dsDNA. In this case, the detection of DNA hybridization is
observed via the increase in the intensity of the redox signal of the intercalator,
which is proportional to the formed dsDNA. Some examples of indirect methods
often used for DNA detection are presented in this section.

3.2.1 DNA Labelling with Enzymes

DNA sensing approaches based on enzymatic reactions are often based on sand-
wich structures for signal amplification. After the hybridization reaction between
the primary probe DNA and the target DNA, an additional step is added. This step
involves the hybridization of a different section of the target DNA with labeled
secondary probe DNA. The secondary DNA is comprised of a redox enzyme such
as horseradish peroxidase (HRP) [28, 29] alkaline phosphatase (ALP) [30, 31] or
glucose oxidase [32]. The hybridization reaction may be followed through the
catalytic properties of the enzymes in the presence of their substrates. The immo-
bilized enzymes on hybridized DNA lead to the production near the electrode
surface of electroactive products, which produce a current related to the amount of
hybridized target DNA (Fig. 1).The detection of various bio-agent such as
Salmonella and Listeria has been demonstrated by using this method [33].

3.2.2 DNA Labelling with Nanoparticles

Probe DNA can be labeled by tagging with nanoparticles like gold nanoparticles
(AuNPs), [34] carbon nanotubes (CNTs) or dendrimers [35]. AuNPs and CNTs can
greatly intensify the electrochemical responses signal because of their high con-
ductivities. This fact is demonstrated in assays such as those based on the sandwich
structure used in combination with CNTs conjugates encapsulating Cadmium Sulfide
(CdS) nanoparticles [36]. The conjugates could be attached to a secondary DNA
probe via the biotin/streptavidin system that served as tags. When compared with the
conventional single-particle stripping hybridization assays a substantial (*500-fold)

Fig. 1 Schematic representation of the sandwich structure for the detection by enzyme labeled
probe DNA
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lowering of the detection limit was observed. AuNPswere also conjugated either with
thiolated ferrocene, [37, 38] thionine [39] or enzymes. The specific electrochemical
detection of two DNA targets sequences in one sample was performed by Li et al.
using enzyme functionalized AuNPs as catalytic labels (Fig. 2) [40]. This DNA
sensor was constructed by using the sandwich-assay detection strategy in which, two
different primary probes DNA were immobilized on the surface of the transducer.
Each primary probe DNA hybridized specifically with its complimentary
DNA target. The two secondary DNA probes were also each specific for one of the
targets but both were associated with AuNPs. Finally, one secondary DNA probe was
linked with HRP and the other with ALP. Consequently, the electrochemical signal
was generated from the products of the enzymatic catalysis of phenol by HRP and/or
of alkaline phosphate by ALP. In addition, enhanced detection sensitivity was
obtained because the AuNPs carriers increased the amount of enzyme molecules per
hybridization.

3.2.3 Redox Intercalators

The monitoring of hybridization reactions can be performed using redox molecules
that possess affinity for some DNA bases or some dsDNA structures by insertion
into double helix DNA structures or interactions with minor or major DNA helix
grooves. This affinity takes place because of interactions in well-defined binding
sites via intercalation and/or electrostatic binding. Both organic compounds and
cationic metal complexes can be used as specific DNA binders. The detection relies

Fig. 2 Specific and highly sensitive dual target biosensor designed by Li et al. [40]
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on the high affinity of these compounds for one of the two DNA forms: ssDNA or
dsDNA. During electrochemical detection, the intercalation in dsDNA increases the
current and accordingly improves the sensitivity. In literature, this strategy is still
one of the most used method for DNA detection. A recent example was reported by
Steichen et al. for the construction of a biosensor based on electrostatic interactions
between positively charged Ru NH3ð Þ2þ6 and negatively charged DNA [41]. They
used peptide nucleic acids (PNA) as a primary probe and the cationic ruthenium
complexes did not interact electrostatically with the PNA probe due to the absence
of the anionic phosphate groups. However after hybridization, Ru NH3ð Þ2þ6 was
adsorbed on the DNA backbone, giving a clear hybridization detection signal in
alternating current voltammetry.

Intercalators are a class of DNA ligands that insert between adjacent base pairs
of double-stranded DNA. Heterocyclic dyes are common intercalators such as
ethidium bromide (EB) [42]. Some anticancer drugs are also strong DNA
intercalotors such as anthracyclines including daunomycin [43–45] and doxorubicin
[46, 47]. Antipsychotic and antihistaminic drugs such as phenothiazines and acri-
dine derivatives including acridine orange [48] are also well known DNA inter-
calators (Fig. 3). The action mechanism of intercalators is based on the stacking of
planar, aromatic groups between nucleic base pairs in an approximately perpen-
dicular position to the double-helix axis. These interactions could be selective as for
example daunomycin, which was found to inserts into the DNA duplex preferen-
tially between GC base pairs.

Threading intercalators are those that carry substituents on the periphery of the
intercalating moiety. When intercalated into dsDNA, these substituents rest in the
major and the minor grooves simultaneously. Examples of threading intercalators
include the naphthalene diimide derivative carrying ferrocenyl groups (Fig. 4),
which has been demonstrated a detect limit of 10 zmol of DNA.

Other DNA binders rely on the strong electrostatic binding of the negatively
charged sugar phosphate backbone of DNA. Examples include most metallic DNA
stains like Ru NH3ð Þ2þ6 , Ru bpyð Þ2þ3 ; Os bpyð Þ3þ3 ; Co bpyð Þ3þ3 ; Co phenð Þ3þ3 and
manganese complex of rutin MnR2. Such stains can also show enantiomeric
selectivity, for examples Co bpyð Þ3þ3 ; Co phenð Þ3þ3 [50, 51], and Ru bpyð Þ2þ3 [52]

are minor groove helix DNA binders while Ru phenð Þ2þ3 [53] is a major grove helix
DNA binder.

Fig. 3 Structure of different intercalators. From left to right ethidium bromide, doxorubicin and
acridine orange
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DNA binders can combine an affinity for GC-rich or for AT-rich sequences within
a preference for one helix structure [54]. For example, Hoechst 33258 specifically
binds to dsDNA in a solution by recognizing AT-rich sequences within minor grove
helixes (Fig. 5). Other DNA binders such as Ru bpyð Þ2þ3 rely on electrostatic affinity
and shows preference for G-rich DNA sequences [55, 56], while Methylene Blue
(MB) is a DNA intercalator that has affinity for GC-rich sequences [57–59].

The use of intercalators in E-DNA biosensors is now a very promising approach.
For example, intercalators are used in PCR as markers for electrochemical detection
instead of optical detection [60]. In the same way, detection in microsystems
including PCR have been achieved with redox intercalators and lead to a detection
limit lower than 10 aM [61].

3.2.4 Metal Ions

Another strategy is based on detecting DNA hybridization through the metalation of
dsDNA to form metal complexes of DNA (M-DNA). The detection is based on the
modulation of the conductivity of DNA since the formation of M-DNA decreases the
resistance of the electronic transport of the electrode interface, which can be
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monitored through electrochemical impedance spectroscopy. M-DNA is usually
formed by dsDNA at pH above 8 in the presence of Zn2+, Co2+ or Ni2+ but not Mg2+

or Ca2+ [62]. Metal ions are known to bind in the center of DNA helixes, coordi-
nating the N3 of thymine and the N1 of guanine in every base-pair. Xu et al.
demonstrated that in M-DNA double-stranded chains, Zn2+ is a better electrons
transporter than both Co2+ and Ni2+ [63] (Fig. 6).

3.3 DNA Detection Based on Direct Strategy

The second strategy for monitoring DNA hybridization is based on direct detection.
The main advantage of this method is that not require the use of labels or indicators.
There are various possibilities for direct DNA detection: (1) monitoring of the redox
signal of DNA bases, (2) monitoring of the conformational changes of DNA tagged
with some redox marker after the hybridization with the target and (3) monitoring
of the changes in the electrochemical properties of transducers due to the
hybridization, which could be obtained by monitoring the decrease or the increase
of the redox signal of the transducers.

3.3.1 Detection Based on Redox Properties of Guanine

The observation of the redox peaks of DNA bases due to reduction and oxidation
reactions, leads to the monitoring of DNA hybridization. Guanine and adenine are
the most electroactive DNA bases. Palecek et al. [64] reported the first example of
direct detection of DNA hybridization through the monitoring of the redox signal of
the nucleotidic bases [65]. The results demonstrated that the amount of oxidized or
reduced DNA reflected the amount of hybridized DNA (Fig. 7).

This strategy was used in DNA detection and quantification. For example, Bollo
et al. studied the oxidation peak of guanine at about 1 V after accumulation of DNA
on the electrode surface at open circuit potential [66]. Additionally, they achieved
signal amplification when the surface of the electrode was modified with carbon
nanotubes entrapped in chitosan. For up to 90.0 ppm of dsDNA, a linear
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relationship was obtained between the amount of DNA and the measured current
corresponding to the redox signal of guanine. However compulsory use of high
potential for DNA oxidation is a major drawback for this method but improvements
have been attempted such as the addition of redox mediators that amplify the redox
signal.

3.3.2 DNA Labelling with Redox Markers

Monitoring of the hybridization between two complementary DNA strands was also
performed by labelling of ssDNA probe with a redox marker, such as MB [67–69]
or ferrocene (Fc) [70–72]. The advantage of this method is the direct measurement
of the electroactive molecules on the surface of the electrode by straightforward
transduction.

Various methods relying on the conformational changes in the structure of the
probe DNA have been developed [73]. Due to hybridization with targets, DNA
change conformation on the surface of the electrode leading to changes in the redox
signal of the label molecule. For example, Anne et al. developed a biosensor in
which single strand ssDNA chains were modified with Fc on the free end. This led
the Fc tag to the surface of the electrode and generated an intense electrochemical
signal. Hybridization with the target DNA resulted in the formation of a rigid
dsDNA chain that distanced the tag from the electrode surface and led to the
decrease in the electrochemical signal (Fig. 8).

Another approach has been developed by exploiting the properties of ssDNA
that could form two-dimensional structures such as stem-loops. In this case ssDNA
was labelled with redox marker including MB at the end of the stem-loop. Because
linear ssDNA distance MB from the electrode, the employment of ssDNA with
stem-loops induced a shorter distance and therefore a better electrochemical signal
for the redox marker (Fig. 9) [74].

The formation of secondary structures as stem-loop has been exploited to obtain
a positive response rather than a decrease in signal after the hybridization with
target DNA [75]. The advantage of the increase of the current in redox signal
“signal on” over its decrease “signal off” is that, the signal decreases after DNA

Fig. 7 Illustration of a biosensor based on the redox properties of DNA via the oxydation of
guanine [63]
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hybridization could unfortunately derive from false positives, e.g. resulting from
degradation of the redox-labelled DNA. The signal increase in redox response
“signal-on” strictly depends on the change of the architecture of the DNA structure
i.e. DNA hybridization. The first example was demonstrated by Heeger et al. with a
biosensor formed by ssDNA probe forming two stem-loops (pseudoknot) in which
a portion of each loop formed one strand of the stem of the other loop [76]. This
pseudoknot DNA was modified at its free end with redox-active MB. In the absence
of DNA target, the formation of this pseudoknot structure distanced the MB tag
from the electrode, reducing the redox current. Hybridization with complementary
target DNA disrupted the pseudoknot DNA, liberating the flexible MB-labelled
single-strand DNA. MB was then closer to the surface and led to a significant
increase in the redox current (Fig. 10). The detection limit of this biosensor was
determined to be 2 nM.

Fig. 9 Stem-loop structure of DNA probe labelled with ferrocene [74]

Fig. 8 Schematic representation of biosensors based on DNA probe tagged with redox markers
[71]
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3.3.3 Detection Based on Electrochemical Response of Transducers

The hybridization of the DNA target with DNA probe deposited on the electrode
leads to changes in the electrical properties of the modified surface. This can be
used for direct DNA detection. For example, Yang et al. used electrochemical
impedance spectroscopy for the monitoring of DNA hybridization in the presence
of the [Fe(CN)6]

3−/4− redox species [77]. After the interaction of the two com-
plementary DNA strands an increase in the electron transfer resistance (Rct) of the
electrode surface was observed. It was justified by the role of electronegative
phosphate skeletons of DNA which prevents negatively charged [Fe(CN)6]

3−/4−

from reaching the electrode surface during the process of the redox reactions
leading to a decrease in the ability of the electrode surface to transfer electrons.
Additionally, the increase in resistance was proportional to the increase in DNA
amount immobilized on the electrode surface.

Changes in the redox properties of conducting polymers as polypyrrole,
polyaniline, polythiophene can also be employed for monitoring DNA hybridiza-
tion. The first example was demonstrated by Korri-Youssoufi et al. [78, 79] using
copolymer formed with pyrrole modified with carboxylic groups and pyrrole
modified with activated ester groups. The activated ester groups were used for the
bonding of DNA probe modified with amine groups. The hybridization with the
complementary DNA target led to changes in the redox signal of polypyrrole with
an increase in the oxidation potential and a decrease in current. This was explained
by the effect of the formation of double strand DNA affects the electrical properties
of polypyrrole backbone leading to the modification of their electrochemical
properties.

Another approach was based on the association of conducting polymers with
redox markers such as copolymer formed with polypyrrole conjugated with fer-
rocene. The association with Fc led to an enhancement of the sensitivity of
detection [80, 81].

The association of conducting polypyrrole with Multi-Walled Carbon Nanotubes
(MWCNTs) and redox dendrimers was demonstrated in the detection of the DNA
of Mycobacterium tuberculosis [82]. By using this method specific probe genes
were able to distinguish between DNA polymorphism and detected the rifampicin
resistant strain. In this case, the biosensor was formed through a simple two-step

Fig. 10 Biosensor based on
signal-on developed by
Heeger et al [76]

Electrochemical DNA Biosensors for Bioterrorism Prevention 173



method following electrochemical patterning wherein the formation of the
polypyrrole/MWCNTs and their modification with dendrimers were achieved
through electrochemical deposition and the detection of the signal was followed by
monitoring the redox signal of ferrocene attached within the layer (Fig. 11).

Biosensors following the “signal on” concept were also described based on
conducting polymers for the direct detection of DNA. The “Signal on” results from
an increase in conductivity after immobilization of the complementary DNA on the
electrode surface and/or after conformational changes of the probe DNA caused by
the hybridization.

Lien et al. constructed a biosensor based on polypyrrole films doped with
MWCNTs for the detection of genetically modified organisms [83]. Polypyrrole
was modified with the probe DNA and the hybridization with the complementary
target DNA was studied using electrochemical impedance spectroscopy (EIS). An
increase in the concentration of complementary target DNA resulted in a decrease
in the faradic charge transfer resistance (Rct), which was described as “signal on”.
The authors assigned this behaviour to the electrostatic effect and/or the steric effect
due to the polyelectrolyte character of the DNA strands, which modified the ionic
transport to and across the polymer/solution interface.

A well suited example of DNA detection with “signal on” was prepared based on
a conducting polymer composed of 5-hydroxy-1,4-naphthoquinone (juglone, JUG)
and its carboxylic acid derivative (JUGA) [84–87]. The electroactivity of this

Fig. 11 Left Biosensor constructed using conducting polypyrrole with MWCNTs and redox
dendrimers bound to ferrocene, then DNA probe was attached for the detection of Mycobacterium
tuberculosis. Right Electrochemical signal variation after DNA detection [82]

174 H. Korri-Youssoufi et al.



molecule comes from quinone groups, which can provide an intense redox signal.
These polymers are able to form hydrogen bonds with single-strand DNA resulting
in a decrease in the electroactivity of JUG. When hybridization occurred, the dis-
sociation of hydrogen bonds and the release of dsDNA were observed. This
restored the redox activity of the polymer based on juglone and consequently the
signal on was obtained (Fig. 12).

3.4 Electrochemical Detection Without PCR Amplification

PCR-less target DNA amplification methods are based on the combination of novel
two-component oligonucleotide-modified gold nanoparticles (NPs) and
single-component oligonucleotide-modified magnetic microparticles (MMPs) fol-
lowed by the detection of amplified target DNA in the form of bar-code DNA using
a chip-based method. Two components oligonucleotide-modified nanoparticle
probes have been designed and used in the bio-bar-code assay, which showed a
sensitivity limit of 500 zmolar target DNA. Because the DNA Bar-Code
Amplification (BCA) approach is a pseudo-homogeneous system with both
MMPs and NPs in solution, a large concentration of the probe DNA can be used to
achieve very efficiently binding to target DNA, thereby reducing the time of
experiments required for highly sensitive detection (Fig. 13). Indeed, an advantage
of the DNA-BCA approach over conventional microarray sandwich assays is that
the entire assay can be carried out in 3–4 h, regardless of target concentration.
Additionally, the system has an excellent dynamic range and is ideally set up for
multiplexing [88].

Fig. 12 Schematic illustration of “signal on” biosensor based on JUG polymer [85]
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4 Conclusion

The main electrochemical methods in development for the detection of DNA are
discussed and some of the most notable examples are highlighted above. The
detection of pathogenic DNA is of upmost priority for tackling bioterrorism. Some
E-DNA biosensors have been already reported in literature. The concern mainly
class B and class C pathogens particularly E. Coli, Salmonella and Listeria. There
are various DNA probes in literature databases that can be used for the development
of E-DNA biosensors for the detection of pathogens and biothreats. While better
performing platforms should be developed, many system presented in this chapter
provided rapid and accurate identification of biothearts agent.

E-DNA detection is a promising application due to sensitive detection and
eased implementation into miniaturized and automated devices suitable for rapid
screening of multiple unprocessed samples. Because of the advantages of electro-
chemical biosensors, these are looming as efficient DNA identifiers to replace
conventional methods for the detection of biothreats.
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Biosensors for the Express Evaluation
of the Level of Genotoxicity of Chemical
Substances

Nickolaj F. Starodub

Abstract The special attention is given to methods for control of genotoxicity.
Among them, the detailed analysis is given that approaches which are based on the
traditional molecular genetics tests, common instrumental systems and a modern
biosensor devices. It is provided as general characteristics of the developed widely
dispersed, most applicable in the practice approaches and detailed description of the
basic principles of their functioning. The last a specially concerns instrumental ana-
lytical methods and, in particular, cell biosensors considering the possible type of the
transducers, types of cells as sensitive structures, their integration in sensor elements
and way of specific signal registration. In general it is analysed sensitivity and field of
application of the existed approaches for the control of total toxicity and genotoxicity.

Keywords Genetoxicity � Molecular genetics � Control � Instrumental
approaches � Biosensors

1 Introduction

The ecological toxicity on the living organisms may be revealed as affect on the
cells in respect of their metabolic changes, or full deeds, or some reconstruction of
some carriers genetic information, which are presented by DNA or RNA in separate
organisms. That is way, the specific effects may have a different implications for
cells: (a) the repaired damage without any further consequences; (b) that are
remained unrepaired and leads to death, as well as (c) that induce an error-prone
repair pathways realizing in mutagenesis or in cancerogenesis. Last two effects are
as basis for the development of the approaches for the testing of genotoxicity of
environmental factors, in generally, and with involving modern instrumental
methods including based on the principles of biosensorics.
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2 Traditional Approaches

Today are more than 100 different methods to assess genotoxicity but really no
more than 20 test systems are practically used [31]. The most common method in
this respect was proposed Bruce Ames and it is based on the application of
His-mutants of Salmonella typhimurium which do not synthesize histidine and
survive on non-histidine media only when they have mutation to wild-type His+.
Revertants wild type form colonies on medium without histidine as an indicator of
gene mutations (http). Construction of test strains which are the most sensitive to
the action of a mutagen is achieved by the inactivation of the excision repair system
in their cells. Furthermore, the cells used in the Ames test strains have and other
features that increase their sensitivity to mutagenic. In recent years test Ames has
been greatly improved: automated testing procedure, increased sensitivity to certain
types of mutagens.

In most cases the mutation of single genes in higher organisms are not deter-
mined since they are very rare. As a rule, it is restricted by estimation of the level of
mutations in the chromosome as a whole.

The first such method for the detection and determination of the frequency of
mutations in Drosophila was proposed by Muller [21, 29]. This method allowed to
distinguish newly arisen and existed mutations which plays the role of “closers” for
crossingover (C) and has a recessive lethal effect (l) in the genotype. This chro-
mosome was labeled by a dominant gene (Bar) which is reducing facet eye. And as
the result of it the normal spherical eyes of female heterozygotes acquire
bean-shape, and the males are slotted. Females of the test SlV line was crossed with
irradiated males (as a mutagen may serve and chemical compound). From the first
generation of females it was chosen SlV/+ persons for statement of the individual
crosses. Since males with genotype ClB/Y die the splitting on the gender in the
second generation will be 2:1. Lack of male in the second testified about the lethal
mutation in the X chromosome. Its frequency is expressed as the ratio of the
number of X-chromosomes in the population. It is needed to remember that the first
generation of females between the sex chromosomes can sometimes be a double
crossing-over, resulting in reduction of the true frequency of lethal mutations.

Currently C1B method has lost its practical value. Instead of it was proposed
Muller-5 method. Females-line analyzers, both X chromosomes contain two inver-
sions, non-lethal effect: sc8 (reduced bristles) captures a large portion of the X
chromosome 49—inversion in the middle of the X-chromosome. As result of these
reversals is substantially complete exclusion of crossing between chromosomes.
Additionally both the X chromosome gene labeled female body and yellow color
bristles yellow (y).Males in this line viable. If taken for the study ofmale wild-type no
mutation on the X chromosome, then, after crossing it with the female line of the
analyzer, the second generationwe get to 2 phenotypic classes offemales andmales. If
in the analyzedX-chromosome of male lethal mutation arose in the second generation
of all males will belong to the same phenotypic class (scsy d49)—yellowwith reduced
bristles. Moreover, each individual culture of the second generation, which is the
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offspring of one female F1 corresponds to one studied X chromosome from the male
parent generation. This method and Ames test are widely used to control the chemical
compounds in food products, manufacturing cosmetic agents, etc.

To evaluate the ability of agents to induce chromosomal mutations widely used
cytogenetic methods excluding chromosome aberrations in metaphase cells of pro-
liferating tissues in vitro or in vivo.

The disadvantage of these methods is that they are quite subjective (since they
are based on microscopy) require highly skilled researchers and difficult to auto-
mate. Alternatively, a method was proposed excluding micronuclei (intracellular
chromatin structures formed by the acentric chromosome fragments and whole
chromosomes during anaphase due to the defect divisions of the spindle) of poly-
chromatic erythrocytes in the bone marrow of rodents, which can be automated and
furthermore, applied to proliferation of any tissues including gonads. To assess the
induction of chromosomal mutations in the germ cells of mammals it was used the
account or dominant lethal mutations, either inherited translocations (the latter is
more specific to the solution of this problem). Obviously, the maximum approxi-
mation at the estimation of the genetic risk due to the action of environmental
mutagens is possible only when human cells are used as test systems. In such
experiments as a usually peripheral blood lymphocytes are taken and as an option—
bone marrow cells, epithelial hair follicles, embryonic fibroblasts and sperm.

For the determination of the genotoxicity of some aromatic additives the
Allium-test with onion tissues finds a wide application [23]. This test was used at
the determination of toxicity and mutagenic effects of some food additivities too
[70, 71]. Seeds of this vegetable after thorough washing in a weak solution of
KMnO4 were planted in Petri dishes on the moistened filter paper at kept during
72 h at the temperature of 22 °C and dark. Through this time it was obtained the
primary roots with length about 0.5–1 cm. It was stated the energy and time of
germination as percent of the sprouted seeds during 24 and 72 h, respectively. Then
the tissue of roots was successively treated by Folgen and Shiff reagents.
Chromosomes become reddish-purple color on the background light, not painted
cells. During the cytogenetic analysis it may be determined: (a) index mitotic
activity; (b) percent of divisions with the different steps of mitosis; (c) relative
number of all pathological mitoses expressed as a percentage of the total number of
ones; (d) relative number of single varieties pathologies mitosis expressed as a
percentage of the total number of ones. In the special investigations it was made the
determination of chromosomal aberrations. Cells content chromosomes with:
bridges, fragments and ring in anaphase and telophase, adhesion and pulverization
of chromosomes in metaphase, K-mitosis considered as aberrant.

As result of the investigation [70, 71] it was stated that food aromatic additives at
the concentration of 0.8–1.0 mg/ml depressed the cell divisions. As result of its the
zone cell divisions was decreased in 3–6 times. Moreover, these substances aroused
the formation of aneuploid and polyploid cells in Allium sepa which appeared due
to K-mitosis and cariokinesis without cytokinesis.

The single cell gel electrophoresis (SCGE) or Comet assay first proposed in
1984 [15, 49] and later subsequently modified and validated [41] allows the
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quantitative and qualitative study of DNA damage in nuclei isolated from single
cells that are embedded in agarose and transferred on microscope slides. The SCGE
approach is currently used to investigate the cell response to genotoxic agents as
well as to several biotic and abiotic stresses that inevitably lead to oxidative DNA
damage. This technique is also utilized to characterize animal and plant mutants
lacking specific DNA repair functions or genes involved in DNA damage
sensing/signaling and chromatin remodeling [11, 35, 39, 77]. Advantages and
limitations of SCGE in ecogenotoxicological and biomonitoring studies have been
largely discussed in animal systems [2].

Plants are exposed to a wide range of environmental pollutants and for this
reason they can be used for monitoring the presence of chemical and physical
mutagens in polluted habitats.

Moreover, there is interest in replacing the animal models currently used in
pharmacological and toxicological research with plants. Although this seems a
difficult goal, in some cases plants might enable researchers avoiding or limiting
tests on animals. As conformation of this sentence the investigation of the effects of
the common antipyretic agent acetaminophen (paracetamol) on the Indian mustard
(Brassica juncea L.) may serve [58]. According to the ‘green-liver’ concept [25]
detoxification of acetaminophen in the Indian mustard resembles the mammalian
metabolism and high drug concentrations were found to cause oxidative stress and
irreversible cellular damage in plant. Within this context, SCGE application for
toxicological research using plant cells as substitute for animals will necessarily
require a deeper investigation to unravel the plant detoxification pathways. SCGE
in plants are still limited, compared to animal systems. This technique is now
emerging as a useful tool in assessing the potential of higher plants as stable sensors
in ecosystems and source of information on the genotoxic impact of dangerous
pollutants. Another interesting application of SCGE deals with mutation breeding
or the combined use of irradiation and in vitro culture technique to enhance genetic
variability in elite plant genotypes. SCGE, in combination with in situ detection of
reactive oxygen species induced by γ-rays and expression analysis of both DNA
repair and antioxidant genes can be used to gather information on the radiosensi-
tivity level of the target plant genotypes.

3 New Common Instrumental Tests

For detection of DNA damage it was proposed a number of high sensitive methods
combined the qualitative analytical technologies with unique biomarkers such as
oxidative DNA damage and stable DNA adducts. These analytical methods include
HPLC-EC (High Performance Liquid Chromatography with Electrochemical
Detection), LC-GC-MS, LC-MS/MS, UPLC-MS/MS, ultrasensitive CE-LIF
immunoassay and 32P-post labeling test [13, 57, 59, 79]. Despite of the ability
to quantify or quantitative control of the DNA damage and/or DNA damaging
agents these methods cannot be effective for the detection and screening of
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unknown and potential DNA damaging agents and especially for genotoxic
chemical mixture.

A number of effective microfluidic cell based handling applications have been
described for the control of environmental factors and have been developed.
A different microfluidig systems as well as the several type of cells (bacterial,
fungal, yeast, fish and mammals) were used [57, 59, 79]. Progress in this field has
started with the discovering in 1962 [13] and subsequent cloning of the wt-Green
fluorescent protein in 1994 [19]. Now the jellyfish Aequorea victoria fluorescent
proteins are the most widely used reporter proteins in all areas of biology [45].

To detect unknown DNA damaging agents and to evaluate the related DNA
damage potency it is proposed the use of SOS genes which are negatively regulated
by LexA repressor protein. The last binds to a consensus sequence (the SOS box) in
the promoter region for those SOS genes. When DNA damage arises, the DNA
replication will be blocked at the damage sites. Therefore, large amounts of single
strand DNA will appear which needs more RecA protein. The resulted
RecA-ssDNA filaments provide the activated form RecA protein which interacts
with the LexA repressor to facilitate the LexA repressor’s self-cleavage from the
SOS promoters [45]. At the early stage of SOS response the quantity of RecA
protein may be significantly increased because its amount is closely related with the
activity of recA promoter. The reporter EGFP protein under the control of recA
promoter can manifest the expression of RecA protein. The fluorescence of EGFP
protein can easily be tested by a fluorymeter. The fluorescent intensity can repre-
sentative the activity of recA promoter and further displaying the level of SOS
response of cells treated by chemicals. The expressed EGFP protein from reporter
gene displays 35-times enhanced fluorescence signal over the wild type green
fluorescent protein (wtGFP) due to the double mutation of Phe64Leu and Ser65Thr
[16]. And the EGFP protein gets increased fluorescence intensity and photostability,
enhanced 37 °C folding efficiency and the same excitation and emission peaks with
FITC which makes more general researcher for practical use of EGFP protein. In
addition, the EGFP protein needs only oxygen to emit fluorescence without
exogenous substrates or cofactors while enzymatic (such as beta-galactosidase) and
lux reporters need reaction with other substrates to produce detectable signal with
increasing cost, especially at large scale detection of chemicals [75].

The bacterial biodetection system based on the Salmonella typhimurium TA1535
cells transformed by SOS-Lux test for rapid detection of genotoxins were described
[4]. It was based on the receptor reporter principle with a strong SOS-dependent
promoter as receptor for DNA damage. As a response to the presence of
DNA-damaging agents, bioluminescence is brought about by the induction of the
promoterless luxCDABFE genes of Photobacterium leiognathi as reporter com-
ponent. As a consequence of exposure to genotoxic agents the intensity of the
emitted light is proportional to the concentration of the compound. The system is
capable not only to determine the fact that a substance is genotoxic but it is also
reflect following-up the kinetics of DNA-damage processing in the SOS system. It
has already been shown that a high level of light production is induced by such
concentrations of DNA-damaging agents which only scarcely affect cell survival in
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different bacterial species. The discrimination between genotoxic and cytotoxic
potency of such test was achieved by the simultaneous measurements of the
absorbance of the bacterial suspension in exchange for the cell concentration. The
absence of both genotoxic and cytotoxic effect was registered if the biolumines-
cence did not appear and absorbance was the same as in control sample. But the
decreasing both these parameters testify the cytotoxic effect of the analyzed factor.
Unfortunately, changes of absorbance may be not in result of cell multiplication and
growing of them metabolic activity. To control the last parameter it was proposed
the determination of the expression visualization of the green fluorescent protein
(GFP) from the jellyfish Aequorea victoria in the absence of substrates and other
cofactors. The wild type GFP has been optimized for higher expression in bacteria
and for maximal fluorescence yields using excitation wavelengths in the near
UV-region (360–400 nm). This gene was inserted in the field of the lacZ initiation
codon from pUC19 so that a soluble β-galactosidase–GFPuv fusion protein was
appeared and measured by a fluorymeter [18]. Now it was described the expression
GFPuv genes in E. coli, Staphylococcus aureus, Bacillus subtilis, Rickettsia typhi
and S. typhimurium TA1535 with their including serves as tester strain in the Ames
test. Bacterial bioreporter assays provide rapid, easy to execute, cost effective and
field applicable solutions for monitoring water for the presence of pollutants [22].
The main principle of such construction of bacterial bioreporters is in the coupling
of an innate cellular response circuit to a non-invasively measurable output. The
expression vector that carries a transcriptional fusion of a gene promoter induced by
the presence of a specific compound or a group of chemicals, to a DNA sequence
encoding one of several possible reporter systems. Common among reporter pro-
teins are bacterial luciferases and fluorescent proteins, which generate optical
readouts [73].

Bacteria are widely used as indicator organisms in test systems intended for the
control of genotoxicity level. One of the best known systems is the
Salmonella/microsome assay (“mutatest”) [1, 20]. Other induction assays
(“inductest”) is based on prophage clts857 [30].

It was developed the SOS chromotest as colorimetric the bacterial test for
detecting DNA-damaging agents which arose induction of the function of
β-galactosidase gene under control of the sfiA included in lacZ operon of
Escherichia coli K-12 [52]. The SOS function involved in cell division inhibition.
This SOS chromotest requires only a single strain and simple colorimetric deter-
mination of two enzymes: β-galactosidase and alkaline phosphatase. In the com-
parative investigations the SOS chromotest was more sensitive than the “inductest”
and “mutatest”.

Based on the transcriptional response of yeast cells to DNA damage various
automatised genotoxicity test systems have been developed [24] one of which was
commercialized as GreenScreen GC assay [32]. It was developed even a human-cell
based GreenScreen HC assay utilizing a GADD45a-GFP [27].

Today the panel of the developed systems content a wide set of tests based on
in vitro measuring guanine oxidation in DNA, yeast, prokaryotic, fish embryos and
mammalian cells. Among the bacterial tests the DNA damage dependent induction
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of the SOS repair system are the next tests: SOS-Chromo (Quillardet and Hofnung
[53], Umu [46], Lux-Fluoro [5], VitoTOX® [74] and some biosensors variants
[50]. The Lux-Fluoro test is a unique combination of two bioassays [56], which
coincidentally measure genotoxicity (SOS-Lux test) and cytotoxicity (Lac-Fluoro
test) of substances and mixtures of substances. The SOS-Lux assay, like the
SOS-Chromo test or the Umu test, is based on the measurement of DNA
damage-dependent induction of the bacterial SOS system in genetically modified
Salmonella typhimurium TA1535 bacteria [51], which have been transformed with
the plasmid pPLS-1 carrying the promoter less lux genes of Photobacterium
leiognathi as reporter element under the control of a DNA damage-dependent SOS
promoter from ColD as sensing element [6]. This system reacts to agents, which
induce DNA damages inside these bacterial cells with the dose-dependent pro-
duction of bioluminescence. The bioluminescence as a signal for DNA damage is
an enzymatic reaction of a photolyase with its specific substrate, both encoded by
the luxCDABFE genes of Photobacterium leiognathi, in presence of oxygen. Since
the bioluminescent light can be registered by an appropriate detector like a pho-
tomultiplier without destroying the cells, the kinetics of the processing of the DNA
damage by the SOS system can be followed in living cells. The SOS-Lux test as a
bioassay for genotoxicity can be used partly or fully automatically for routine
measurements and can be employed for high throughput screening. The analogue
Lac-Fluoro-test detects the cellular responses to cytotoxins [54]. It is based on the
constitutive expression of green fluorescent protein (GFP) mediated by the bacterial
protein expression vector pGFPuv as GFPuv expression is not under regulatory
constraints in Salmonella typhimurium, due to the lack of a functional lacI repressor
in this species. In response to cytotoxic agents, this system reacts with a
dose-dependent reduction of GFP-fluorescence. The recombinant S. typhimurium
strains carrying either the SOS-Lux plasmid or the lac-GFPuv plasmid are used to
determine in parallel in one well of a microplate the genotoxic and the cytotoxic
potential of the test compounds. Light and fluorescence emission as well as
absorption of cells in the test samples and in the controls are measured in the
microplate luminometer-fluorometer-photometer combination Victor2 and the cal-
culated luminescence induction as well as fluorescence reduction is used to deter-
mine the genotoxic and/or cytotoxic potential of the applied compound. Victor2
device is a complete platform for quantitative detection of fluorescence, flash or
glow luminescence, absorbance and photometry using specific filters. The instru-
ment was equipped with the following filters: absorbance: at 490 nm (20 nm band
width), fluorescence: excitation at 405 nm (15 nm band width), emission at 510 nm
(10 nm band width), luminescence: open.

Already it was shown that the above mentioned reporter system reacts with a high
level of light production to different classes of DNA damaging agents already at
concentrations that have nearly no effect on cell survival in S. typhimurium TA1535
cells [29]. For higher concentrations, when tested agents induce cytotoxic effects, the
determination of SOS induction is influenced by the proportion of dying cells of the
exposed population. As simultaneous measurements of luminescence and fluores-
cence allow for discrimination between genotoxic and cytotoxic potency of the tested

Biosensors for the Express Evaluation of the Level … 187



compound it is possible to correct light output yields for the proportion of surviving
cells. The resulting induction factor Fi can be used to identify genotoxicity: A test
compound is considered to be cytotoxic, if fluorescence and/or bioluminescence of
exposed cells are decreased; a test compound is considered to be genotoxic if bio-
luminescence is increased and induction factors Fi exceed double the amount of
control levels. It was proved the test’s special value in respect to its advantages over
other test systems: (i) the in vivo measurement itself is non-disruptive and can be
repeated several times with 96 samples in parallel; (ii) the whole kinetics of the SOS
induction by a DNA-damaging substance can be followed up for several hours in the
same sample, thereby stating possible growth delays which cannot be seen in other
tests and which may falsify comparisons of substances when only one measurement
is performed after a fixed period of time; and (iii) first indications on a substance’s
genotoxic potential can already be derived after 2–3 h of incubation [3, 6, 54, 74].
Genotoxic chemical and environmental samples were successfully identified by the
SOS-Lux test, simultaneously the Lac-Fluoro test confirmed the absence of cytotoxic
components interfering with the results of the SOS-Lux test. The lower detection
limit of 4-nitroquinoline 1-oxide was 8.1 × 10−3 µg L−1. No matrix effect was
observed with the Lux-Fluoro test. The 2-aminoanthracene was identified to showthe
highest genotoxic response of all tested substances with detection limit after meta-
bolic activation with S9 of 4 µg L−1. The lowest concentration of N-methyl-N’-
nitro-N-nitrosoguanidine detected as genotoxicwas 0.216 µg L−1. The not filtered
surface water showed a limited genotoxic reaction only after incubation with S9
fraction in a 1 % dilution and no concentration dependency. The Lux-Fluoro test
showed a strong positive signal for the effluent water of a textile industry in
demonstrating the genotoxicity of this sample.

Mammalian µ-FADU assay which is based on alkaline DNA unwinding have
recently been presented [44]. This assay is operated in a 96-well format, thus
greatly increasing throughput. The number of cells required has been reduced to
less than 10,000 per data point. The threshold for detection of X-ray-induced DNA
strand breaks is 0.13 Gy. The total assay time required for a typical experiment to
assess DNA strand break repair is 4–5 h [43]. It has established a robust and
convenient method measuring of formation and repair of DNA single-strand breaks
in live cells.

4 Biosensor Tests

The start in the development of these approaches for the determination of geno-
toxicity was done not long ago [66]. Their appearance was stimulated not wishing
to appreciate medium toxicity only and to have information about gene toxic effect
in regime on line.

The yeast-based biosensors consist of two components: the RNR3 gene in lacZ
system wich serve as sensor since it induces during the DNA damage only and
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reporter. In spite that a series of genetic manipulations allowed to make the
RNR3-lacZ system highly sensitive but for application in biosensors it should be
improved [17]. So, the lacZ reporter based on a colorimetric determination of the
β-galactosidase activity, which requires cell disruption. To achieve high efficiency
and simplicity operating genotoxic testing the system lacZ reporter was replaced by
a yEGFP gene encoding yeast-enhanced green fluorescent protein which was
optimized for the expression in Saccharomyces cerevisiae early [72, 76].
Recombinant yeast (S. cerevisiae) containing fluorescent markers such as green or
red fluorescent protein (GFP or RFP) are ideal candidates for microscreening.
GreenScreenTM has been employed for screening a different genotoxic industrial
products and environmental contaminants [7].

Due to the number genetic investigations it was proposed a yeast-cell based
HUG1-GFP biosensor as a sensitive genotoxic testing system to detect multiple
genotoxins. HUG1 promotor (hydro-xyurea and UV, gamma radiation induced),
which is regulated by the Mec1check point pathway [8, 14]. At the comparison of
two biosensors it was stated [7] that maximum induction and linear regression of
the HUG1-yEGFP biosensor is about twice as sensitive as RNR3-yEGFP one.
Perhaps the most significant improvement in such types of biosensors concerns
manipulation with seven genes from among dozens of candidate for the disarming
all these systems that play roles in the protection of yeast cells from effects of
environmental factors. As results of it there is possibility to created a hypersensitive
host strain that enables reporters like HUG1-yEGFP and RNR3-yEGFP to detect
extremely low doses of genotoxins with a more than 300-fold increase in sensitivity
and in certain aspects surpasses the current industrial gold standards like the Ames
test and SOS chromotest. It should be noted that the septuple mutant strain can be
utilized by other yeast genotoxicity testing systems including those based on cell
survival or mutagenesis and can also be further improved in combination with
either in vivo or in vitro metabolic activation of certain chemicals. The yEGFP
based reporter in combination with appropriate mutant strains can also be utilized to
detect other non-genotoxic environmental chemicals.

In spite of existed improving biosensors based on yeast transcriptional response
to genotoxicity there is necessary in investigation of many agents which involved in
effect on the metabolic activation in mammals to become genotoxic and carcino-
genic. Unfortunately such responsible activation systems are largely lacking in
yeast cells. That is why, the future research should be directed towards humanizing
yeast cells for the metabolic activation of pre-genotoxic/pre-carcinogenic com-
pounds and application of new type system in biosensors for express screening of
environmental factors.

It was constructed a bacterial biosensor on E. coli strain with a transformed egfp
gene as a reporter one under the control of the promoter of recA gene and devel-
oped an SOS-EGFP test. By this test, the biosensor cells treated by chemicals can
produce brighter fluorescence than the untreated control if the chemicals can induce
substantial DNA damage [38]. The constructed biosensor is probably useful to
simultaneously evaluate the genotoxicity and cytotoxicity.
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The products of a number of SOS-dependent genes are involved in
DNA-repair-mechanisms which are activated at the occurrence of DNA single
strands. Such DNA lesions are induced by compounds that form the DNA-adducts.
The expression of the SOS genes is regulated by the LexA protein that specifically
binds to SOS-responsive promoter sequences. In order to detect the SOS-response the
SOS-sensitive promoters like the recA or umuDC genes are fused to lacZ or phoA
encoding the enzymes β-galactosidase or alkaline phosphatase. For the bacterial test
systems it is of crucial importance to mimic the metabolism of xenobiotics that takes
place in the liver of vertebrates and which can lead to a formation of bio-activated and
thus genotoxic intermediates. Usually, this is done by the addition of the S9-fraction
that is prepared from the liver of induced rodents. It is composed of a complexmixture
of enzymes involved in the metabolism of xenobiotics, in particular the microsomal
bound cytochrome-P450-dependent monooxygenases. They catalyze the oxidation
of organic compounds by molecular oxygen. The cytochrome-P450-dependent
monooxygenases are activated by a reduction step concomitantly with the con-
sumption of NADPH [42]. The electrochemical signal can be detected via
para-aminophenyl β-d-galactopyranoside (pAPG) since the reporter enzyme,
β-galacosidase cleaves the glycosidic bond in this substance. The reaction product
p-aminophenol (pAP) can be oxidized electrochemically to p-iminoquinone even it is
possible without cell-lysis [12]. Direct electrochemical signal detection is preferable
in the comparison with others ones since the use of a simple set of electrodes would
greatly reduce the complexity, size and costs that are typically associated with the
optical detection. However, it has yet to be proven that electrochemistry can also
compete in terms of sensitivity with the colorimetric signal detection. This is of
special interest because of the mandatory presence of the uncharacterized mixture of
potentially electro-active enzymes andmetabolites (S9-fraction of liver homogenate),
as well as several cofactors (e.g. NADP) in the standard assay reaction, that are added
tometabolically activate pre-genotoxic substances. These compoundsmight interfere
with the electrochemical signal detection and decrease its sensitivity. It was reported
[37] about the using electrochemiluminescent arrays for the genotoxicity testing of
metabolites of benzo[a]pyrene that are generated in situ by various immobilized
cytochrome (cyt) P450 or imbedded microsomes as their source. In contrast of these
investigation it was described the aforementioned electrochemiluminescent arrays for
the detection of the DNA-damage without any cellular context, i.e. the formation of
the adducts with the purified DNA and not a cellular response. The chromo-
amperometric electrochemical signal was characterized by the detection following the
induction of the bacterial SOS-response in the presence of S9-mix. It was demon-
strated that the unique substrate mediated electrochemical detection is simple to use,
can be integrated on aminiaturized whole cell bio chip and yield satisfactory results in
comparison to the respective ISO standard (ISO 13829: [34]. Chromo-amperometry
based on the screen printed electrodes was compared with a standardized colorimetric
assay for the detection of genotoxic samples by reporter gene induction (lacZ) via the
bacterial SOS-system. The amperometric method was optimized in terms of substrate
concentration for the reporter gene β-galactosidase that cleaves pAPG to pAP which
in turn is oxidized to p-iminoquinone at the electrode. It was found that a final
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concentration of 6 mM of pAPG is suitable to guarantee its cleavage by pseudo
zero-order kinetics even if the reporter enzyme is strongly induced. Bymeans of linear
sweep voltammetry it was shown that a potential range of 300–400 mV is most
suitable for the detection of pAP in a potential whole cell-based biosensor even in the
presence of a large excess of pAPG. A comparison of the colorimetric and electro-
chemical detection methods shows a high correlation of the determined
SOS-induction factors indicating the usability of the amperometric signal detection in
principle. But the noise level of the electrochemical detection at 300 mV is sub-
stantially increased compared to the colorimetric assay limiting its potential for the
assessment of environmental samples because of a decrease in sensitivity. In contrast,
the noise level of the amperometric detection of pAP at 400 mV is very similar to the
colorimetric standard method. Such biosensor will contain bacterial reporter strains
and all necessary compounds for the metabolic activation of xenobiotics (S9-fraction
and cofactors) which are lyophilized on top of the electrode in a small reaction
chamber. The freeze-dried biological compounds could be dissolved by the sample
before the eventual induction of the SOS-response. The electrodes will be exchanged
after the measurement [9].

Today it was proposed many mammalian cell-based gene mutation assays but
only four cell lines of Chinese hamster V97 and CHO cells, human lymphoblastoid
TK6 cells, mouse lymphoma L5178Y cells as well as three genetic loci of HPRT
(hypoxanthine-guanine phosphoribosyltransferase), TK (thymidine kinase) and the
cell membrane Na+/K+ ATPase genes are well validated and widely used. But they
have a low sensitivity that is still a problem in these mammalian cell-based gene
mutation assays [26].

In mammalian cells the transcription factor p53 works as a guard keeper of the
genome by inducing DNA damage repair, cell cycle arrest and apoptosis in
response to cellular stresses leading to DNA damage, thus it is also called tumor
suppressor. The DNA repair gene P53R2 which encodes a subunit of ribonucleotide
reductase is a p53-target gene activated in response to cellular DNA damage. The
p53R2-mediated luciferase reporter gene were used in the bioassay system for
genotoxicity detection using human cells with wild-type p53 [47, 48]. Validation of
this assay system indicated that it could be a rapid and reliable tool in the screening
of genotoxic chemicals. The GADD45a-mediated GFP reporter gene were applied
in the bioassay system for the genotoxicity detection in human TK6 cells. It was
found that this assay system had both high specificity and high sensitivity in
genotoxicity detection of different genotoxicants [28, 36]. The cyclin-dependent
kinase 1A inhibitor of p21CIP1/WAF1 is the major downstream target gene of
activated p53 and is responsible for causing cell cycle arrest following DNA
damage. These p21-mediated eGFP reporter gene were used in the bioassay system
for genotoxicity detection in human hepatoma HepG2 cells [113]. A fish cell
biosensor system for genotoxicity detection was created by the integration of three
plasmids of pGL3-p21-luc (p21 promoter linked to firefly luciferase gene),
pRL-CMV (CMV promoter linked to Renilla luciferase gene) and pcDNA3.1 into
FG cells [26]. In that biosensor system two reporter genes were introduced and they
were simultaneously expressed and measured sequentially within a single test
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system. The expression of firefly luciferase is correlated with the DNA damage
response to genotoxicants. The expression of Renilla luciferase serves as an internal
control normalizing the experimental variability caused by differences in cell via-
bility or extraneous influences in dual-reporter assays including pipetting volumes,
cell lysis and assay efficiency. It was obtained more reliable data by this fish cell
biosensor system in comparison with the single luciferase reporter systems and was
concluded that the fish cell biosensor system may become a specific and sensitive
tool for genotoxicity detection of new chemicals and drugs. Moreover, that the FG
cell line has been established and widely used to study the toxic effects and
mechanisms of environmental pollutants on fish species [69, 78]. Unlike mam-
malian cells, FG cells can be easily maintained in a wide range of temperatures
from 15–30 °C. This will provide an extraordinary merit in the shelf life and
transportation once this fish cell biosensor system is marketed.

The one of very important problem which arouses at the creation of any
biosensors is the optimization of the integration of the biological selective structures
with the transducer surface. Especially it is appeared at the application of the
different types of cells. As a rule for this purpose the number of organic and
polymeric materials [61–63]. The recombinant bacteria were incorporated in soft
gels such as agarose, polyacrylamide or calcium and strontium alginates and sol-gel
[10, 55]. The main problems at the immobilization of genetic engineering of bac-
teria for the expression of the reporting enzymes in response to physiological stress
conditions are connected with the soft hydrogel supports, biodegradation suscep-
tibility, diffusion limitation due to the thick films involved, low physical defor-
mation resistance and the instability of the alginates in calcium-poor solutions and
in the presence of calcium chelates. It was used the encapsulation of cells by a
dialysis membrane [33] and that based on a glycerol–acryl vinyl acetate copolymer
latex [40]. A very good results were obtained with the application of sol-gel when
all the immobilized bacteria maintained viability and luminescence activity for
several months [10]. The bacteria–silicate hybrids can be used either as disposable
sensors or in multiple use sensing test-kits and they can be also integrated in early
warning devices operated in continuous flow conditions.

4.1 Fiber Optic SOS-Type Biosensor for the Control
of the Genotoxicity of Some Environmental Objects

We early [60, 64] have developed the fiber optic immune biosensor based on the
principle of enhanced chemiluminescence for the medical diagnostics, namely for
the simultaneous determination of the content of the lidocaine and phenatoine. Late
[65] it was proposed the fiber optic biosensor directed on the control of the level of
the luminescence level of Daphnia’s living medium at the control of the toxicity
some chemical substances, in particular, mycotoxins.

Next on the basis of such type device it was created biosensor based on the fiber
optics at the determination of the genotoxicity effects of the number of the chemical
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toxic agents [67, 68]. This biosensor was tested at the determination of the geno-
toxicity of the number substances as: ethanol, dimethylsulfate and mitomycin C.
The sensitivity of the proposed biosensor corresponds to the approaches based on
the application based on the traditional, complicate and expensive devices. The
developed biosensor may be used for the express analysis, namely during 20 min if
the optrodes with the appropriate immobilised cells will be prepared in advance. It
was informed that according to the preliminary results the functional activity of
such optrodes may be served up to one day. It was concluded that the biosensor
may have perspective in future for the using in field conditions.

5 Conclusion

The control of the genotoxicity level of the different objects has a special and very
important significance since we have now a increasing loading environment by the
different chemical substances. Some of them may have not only general toxicity and
can generate mutagenic or different genetic effects too. Moreover, there may even
be a situation that genotoxicity appears at the low concentrations of the active agent
when the overall its toxicity is still quite difficult to detect. At present, there are
many approaches that have already convincingly being used in practice. Significant
progress in this direction achieved with the development of instrumental methods,
but much progress in the control of genotoxicity contributed to the development of
biosensor approaches that are able to meet all requirements of the practice, not only
in terms of sensitivity analysis but its simplicity, fulfillment in on-line regime and in
field condition. There are high hopes not only on progress in the development of
biosensor methods in further, but also on the intensification of their practical
application. The main directions of both ways of the development of the instru-
mental methods including biosensors is outlined in this article.
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Abstract Bacterial agents are those that are pathogenic to humans, plants and
animals either by causing infectious diseases or by producing toxins. The review
provides the description of some pathogenic bacteria, which are a threat to human
health and life and must be strictly controlled in the food, water and the environment.
With increasing reports on bioterrorism and other bio-threats, rapid and real time
detection methods for various pathogens are warranted. Nowadays is important to
develop strategies for early detection and monitoring bacterial agents under any
conditions that warrant their recognition, including clinical-based diagnostics and
biological warfare applications. The review is devoted to the microorganism’s
indication methods. A study of methods of exposure and authentication of biological
agents is important design of biosensors and automatic microorganism’s indication.
In this study the authors compare the characteristics of the immune biosensors based
on the SPR, TIRE, quartz crystal acoustic wave, amperometry, chemiluminescence
and on the ISFETs with CeOx gate surface and conclude that they have similar
sensitivity. Special attention is paid to biosensors and last tendencies of their creation
based on nanostructures such as deposited nanorods, quantum dots and graphene
nanostructures. The achievements of the authors in this field and other researching
groups all over the world are described.
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1 Introduction

The world we live in has been dealt with key security challenges for years and it
seems that nowadays, human security as well as national security level inter-
changeable. Terrorism by itself is a shadow in almost every part of our lives;
however, it is also a reason for all of us to work on preventing and preempting
possible consequences of its strike. That could be done through addressing the
threat and forming responsible policy regarding it on a timely basis.

Foodborne infections and intoxications are a global problem. Changed agricul-
tural production methods and consumption habits as well as modern harvesting,
processing and packaging technologies promote the development of new and
emerging pathogens. Travel and border crossing trade facilitate their global
expansion. Diseases considered beaten are on the rise again. Bioterrorism emerges
as a new threat to food safety [1].

“Food security is a huge issue for businesses, governments and society. As
populations grow and climate change and competition for land use are taken into
consideration, the problem of securing future food supplies is only going to get
worse” says Neil Smith, Lloyd’s Emerging Risks & Research Manager. He con-
tinues, “Insurance is likely to play a key role in mitigating some of the risks relating
to food security, including agroterrorism” [4].

Agro-terrorism is a new term for one kind of ecological terrorism, which means
terrorists attempts to destroy or damage agriculture in a country by misusing plant
or animal pathogens to cause disruption in affected field. However, the term is
relatively new, while the practice is not.

Biological warfare agents can be classified as microorganisms and toxins, these
can be extremely toxic to humans and animals and the substances work to kill or
incapacitate a population. Biological weapons may be used to target living organ-
isms such as humans, animals or vegetation as well to contaminate essential mate-
rials such as air, water and soil. Massive epidemic rooted by pathogenic bacteria
have been reported throughout human history. Thus, the increased threat of
bioterrorism attacks to the public has stimulated growing demand for rapid detection
of biological warfare agents (BWAs) in order to take effective countermeasures [98].

Bacterial agents are those that are pathogenic to humans, plants and animals
either by causing infectious diseases or by producing toxins. Antibiotic medications
have been successful in controlling some bacterial infections; however, bacteria can
gain antibiotic resistance, either naturally or through genetic modification [69].

Nowadays is important to develop strategies for early detection of pathogens
responsible for emerging foodborne diseases, and re-evaluate pathogens that are
gaining importance for food safety. The rapid detection of foodborne pathogens is
of vital importance to keep the food supply rid of contamination. The review
provides the description of some pathogenic bacteria, which are a threat to human
health and life and must be strictly controlled in the food, water and the environ-
ment. One of the global challenges is to provide both rapid and highly sensitive
determination of pathogens. High-specific and rapid methods of bacteria detection
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are urgently needed in all segments such as medical, environmental, food, and
military. Furthermore, over the past few years, there has been a shift toward more
pathogen detection on-site e.g. in food-processing plants and this demands porta-
bility and non-laboratory technics. We believe that the problem can be solved using
new methods of analysis based on principles of biosensors. In the review, we
provide overview of the most common pathogenic bacteria that pose a threat for
human health and describe the most frequently used conventional and rapid
methods. Special attention is paid to biosensors and last tendencies of their creation
based on nanostructures such as deposited nanorods, quantum dots and graphene
nanostructures. The achievements of the authors in this field and other researching
groups all over the world are described.

2 Pathogens

The presence of microorganisms in a commodity is not necessarily an indicator of
hazard to a consumer or of inferior quality. Moulds, yeasts, and bacteria are almost
always found in food and water unless they are sterilized. When these are con-
taminants, microorganisms may be innocuous, others may cause spoilage, and still
others may cause disease. The possibility of commodities becoming hazardous to
consumers increases significantly if sanitation or hygiene is compromised. As a
result, many international organizations such as the International Commission on
Microbiological Specifications for Foods (ICMSF) and the Joint FAO/WHO Codex
Alimentarius Commission as well as regional/country jurisdictions (e.g., European
Commission Regulation [EC] No. 2073/2005) have established hygienic practices,
sampling plans and microbiological specifications as well as other composite
programs such as the Hazard Analysis Critical Control Point System (HACCP) to
help prevent food- and water-borne diseases [31].

In recent years public concern about the safety of foods of animal origin has
heightened due to problems that have arisen with bovine spongiform
encephalopathy (BSE), dioxin contamination, outbreaks of foodborne bacterial
infections, as well as growing concern about veterinary drug residues and microbial
resistance to antibiotics. These problems have drawn attention to feeding practices
within the livestock industry and have prompted health professionals and the feed
industry to closely scrutinize food quality and safety problems that can arise in
foods of animal origin as a result of animal feeding systems [104].

While the World Organization for Animal Health (OIE) has attempted to include
animal diseases that present public health risks in the compilation of these lists (e.g.,
anthrax, brucellosis), it is clear that the primary focus has been, until recently, on
animal diseases of economic importance. Zoonotic pathogens associated with
waterborne and foodborne diseases such as Salmonella enterica, E. coli O157:H7
and other enterohaemorrhagic E. coli, Campylobacter jejuni, Giardia duodenalis,
and Cryptosporidium parvum are not included in these lists. Leptospirosis is a list B
386 Waterborne Zoonoses disease. The lack of representation of many zoonotic
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waterborne and foodborne pathogens in these lists is explained by the fact that they
are not frequently associated with severe animal disease. However, the OIE has
recently recognized the increasing importance of food safety programmes to
member countries in satisfying national and international trade requirements and the
fundamental importance of controlling zoonotic pathogens in food animal popu-
lations as a cornerstone of these efforts [101].

The gathering, identification of pathogens and bacteriological defense measures
in advance in order to be effective, is very difficult. The environment (water, air,
soil) reside in different amounts pathogenic microbes and various organic com-
pounds, so when identifying bacteriological pathogens difficulties arise.

2.1 Foodborne Bacterial Infections

2.1.1 Salmonella Species

Salmonella spp. is one of the most frequently occurring food borne pathogens
affecting the microbial safety of food and causes great concern in the food industry.
Representatives of this species can cause different pathogenic diseases which
provide a harmful influence to all body systems and are hardly treated. Majority of
Salmonella is pathogenic for human and animals but in epidemiological meaning
only a few of them have especially significant part. Infection spreads very fast and
can afflict large quantity of people or animals. For example, it is estimated that
about 1.4 million Salmonella infections occur each year in the United States, and
cause more than 500 deaths annually [91]. Another big concern is Salmonella spp.
antibiotic resistance. Among 180 raw food samples, including chicken, beef, pork,
and shellfish samples about half (50.5 %) of the isolates is resistant to at least one
antibiotic. Furthermore, from all food types are isolated multiresistant Salmonella
isolates resistant to at least three different classes of antibiotics [93]. This fact
complicates treatment of diseases caused by Salmonella representatives, and makes
it possible to use resistant Salmonella spp. as a biological weapon [78].

Many species of Salmonella have been implicated in diseases of farm animals. Of
these, S. typhimurium is universally distributed while S. enteriditis has emerged as a
regular pathogen of poultry and contaminant of eggs and chicken meat. Animal
feeds are thought to be an important source of these bacteria. Meat and bone meal
and fishmeal are frequently contaminated with Salmonella. Intensive pasture uti-
lization provides an additional source through contamination of faeces from infected
animals. Furthermore, the practice of spreading cattle slurry on to pastures in con-
ventional and organic farms is another potentially significant source of infection.

In many parts of the world poultry manure is used as a feed for ruminants. For
example in the USA, two poultry waste products are available for such use: dried
poultry waste and dried poultry litter [45]. Dried poultry waste represents undiluted
excreta generally derived from caged layer flocks, whereas dried poultry litter is a
mixture of excreta and litter. These products are heated to reduce bacterial
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contamination but are, nevertheless, not sterile. It is reassuring to note that in the
trail of [45] that all samples of processed poultry litter collected from 13 dairy farms
were totally free of Salmonella contamination even though virtually all samples
contained Enterobacteriacea, non-glucose fermenting Gram-negative and
Gram-positive bacteria.

Numerous analytical methods were developed for the detection of Salmonella
antibodies including Widal agglutination test, enzyme linked immunosorbent assay
[12, 68], antiglobulin haemagglutination test [19], indirect haemagglutination test
[65], latexagglutination test [67] and counter immunoelectrophoresis [40].
However, these methods require complex sample pretreatment procedures and
expert personnel and also they are time consuming. Among the serological tests,
Widal test is commonly employed for reactive diagnosis of typhoid fever but it is
not very reliable [52, 73].

2.1.2 Escherichia Coli Including E. Coli O157

It is widely recognised that cattle feeds contain E. coli through contamination with
faeces. There is particular concern over the occurrence of E. coli O157 since this
form has been definitively linked with specific outbreaks of illness in humans.

The application of slurry on to pastures means that there is potential for the
transfer of faecal E. coli to grazing animals, a practice that has caused some disquiet
among those concerned with food safety. It is important to distinguish the notion of
`reservoir’ from that of an incidental host as regards the source of E. coli O157.
They were not able to support the thesis that cattle are the reservoir species of this
form of the bacterium. The impact of spreading slurry on land still requires eval-
uation but proceeded to recommend the introduction of precautionary measures
with this practice. Thus, the contamination of pasture grass with E. coli O157 from
slurry remains a contentious issue.

Other forms of E. coli occur extensively in cattle feeds. Thus, it was reported that
just over 30 % of cattle feed samples collected from 13 dairies and four feed mills in
USA were found to be contaminated with E. coli, although E. coli O157 was not
detected in any of these samples. In five dairies, concentrations of E. coli exceeded
1000 colony forming units/g feed. These authors suggested that attention should be
focused on the replication of E. coli in moist feeds and duration of storage in feed
bunks. Other studies in the USA also demonstrated the occurrence of E. coli
(non-O157) in cattle feeds. Jeffrey et al. [45] reported that 13 non-O157 E. coli bacteria
were isolated from 52 samples of dried poultry litter destined for dairy feeds [17].

2.2 Waterborne Bacterial Infections

The environmental burden of excreta from domestic animals, wildlife, and human
beings will increase in coming decades, and excreta are likely the largest source of
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pathogens for the environment. The potential for transfer of these pathogens to
surface water and groundwater is evident. Current water treatment systems have
been designed to address some of the well known waterborne diseases (e.g., cho-
lera). However, pathogens that are important causes of waterborne illness today and
those that represent potential emerging threats present significant challenges for
current strategies to prevent waterborne illness [26].

Management of water quality has been applied mainly to receiving waters
contaminated by point sources of human pollution. Waters affected by point sources
of pollution are usually subject to regulation, because the pollution frequently
impacts bathing beaches or shellfish harvesting waters, as well as drinking-water
supplies. Water resources contaminated by dispersed, unidentified sources of pol-
lution, the type usually associated with animals, have not been given special
attention until fairly recently. This is the result of a greater awareness of emerging
waterborne pathogenic zoonotic microorganisms and improved technical methods
to measure water quality. This, in turn, has led to some technical problems that were
not anticipated when microbial indicators of faecal contamination were first pro-
posed as a means of monitoring water quality. These problems include the
methodology and microbes traditionally.

The monitoring of water quality and the recognition of emerging zoonotic
pathogens as a waterborne risk, resulting, in some instances, from changing host
population behaviour patterns. At the beginning of the 20th century, Escherich
noted that harmless, easily cultivated bacteria occurred in faeces. The organism was
suggested for use as an indicator of the presence of faeces from warm-blooded
animals in water. The practice of using Bacillus coli (later named Escherichia coli)
as a measure of water quality was adopted, and, over the years, it was used in many
forms, dependent on the practical methodology available. Coliforms, faecal col-
iforms, and E. coli were measured, respectively, over time as new specific methods
became available. The measurement of E. coli in water served as evidence of the
presence of faeces and even as a guide to how much faecal contamination was
present. This approach appeared to work, because it was applied to waters near
relatively small urban centres with poor infrastructure, little water treatment, and
populations with little mobility. However, this approach to measuring water quality
has been shown to have many inadequacies in identifying public health risk, no
doubt related to extending its practical use to unintended applications that have
never been validated. Urban centres have expanded beyond their central confines, to
the extent that suburban spread is encroaching on feral animal habitat. Another
pressure not envisioned when microbial indicators, such as E. coli, were proposed is
the commercialization of aquatic food resources harvested from waters that were
frequently contaminated with human and animal faecal wastes. Similarly, the
practice of confining large numbers of animals to feedlots has created a situation
where very large volumes of faecal waste frequently reach waterways, leading to
pollution of aquatic food sources and water resources used for recreation. In
addition, much of the increased leisure time available to humans is spent on
recreational water activities far from urban centres and nearer to natural animal
habitats. This population movement has led to regulations attempting to govern the
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safety of all surface waters, including those with non-anthropogenic sources of
faecal contamination. However, the means by which we monitor surface waters to
provide evidence that they are free of faeces—and, therefore, zoonotic enteric
pathogens—has changed little in the last 100 years. The microbial indicator of
faecal contamination has not changed, and the methodology for measuring these
faecal indicator organisms has changed very little. The methods still rely on bac-
terial growth in culture media to enumerate their presence in water samples. This
usually requires a 24-h period of growth before results are obtained, presenting a
situation where the potential risk associated with a water body is detected long after
a risk activity has occurred [59].

2.2.1 Pseudomonas aeruginosa

Pseudomonas aeruginosa is a common environmental organism and can be found
in faeces, soil, water and sewage. It can multiply in water environments and also on
the surface of suitable organic materials in contact with water. Pseudomonas
aeruginosa is a recognized cause of hospital-acquired infections with potentially
serious complications. It has been isolated from a range of moist environments such
as sinks, water baths, hot water systems, showers and spa pools [59].

The widespread habitat of P. aeruginosa in nature, which includes soil, water,
food and the surfaces of plants and animals, makes very difficult controlling the
organism in hospital settings, and prevention of contamination is almost impossible.
The list of materials from which this bacterium can be isolated is almost endless
and, despite the recent development of different detection methods with no need for
target amplification and enrichment, no sufficiently quick and reliable diagnostic
systems for P. aeruginosa detection are available to date [22].

The risk of illness associated with exposure to foods harvested from animal
contaminated waters or the risk of illness due to direct exposure to these waters is
real, but largely unquantified. Although we are fully aware of waterborne zoonotic
illnesses through individual cases and outbreaks of illness, we have no way of
predicting illness associated with animal-contaminated waters. Our current system
for monitoring water quality is designed to protect human health from human-derived
pathogens. Unfortunately, the source of faecal indicator bacteria used to monitor
water quality is not specific to humans. Currently used indicator methodology cannot
distinguish an E. coli from animals from an E. coli whose source is human.

This shortcoming has led many countries to treat animal-contaminated water as
if it were water contaminated by humans and therefore of equal risk. Some solutions
to these problems are presented in the chapters of this section. The means to define
risk associated with waterborne zoonoses, techniques for identifying sources of
animal pollution, and techniques for measuring the safety of animal-contaminated
water are discussed with respect to providing tools and information for managing
water resources [26].

Detection of contaminated water by pathogenic microorganism is an important
concern for ensuring water safety, security and public health. A clean and treated
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water supply to each house may be the norm in Europe and North America, but in
developing countries, access to both clean water and sanitation are not in the prime
focus thus waterborne infections are common. Two and a half billion people have
no access to improved sanitation, and more than 1.5 million children die each year
from water borne diarrheal diseases [59].

In regard to waterborne pathogen detection, there are several important issues to
consider. These chips are designed to detect minute quantities of target molecules.
The target molecules must be free from contaminants before being applied to the
chips. In order to utilize these chips, water samples must go through extensive cell
amplification (growth in culture) or sample concentration by filtration, separation,
absorption, or centrifugation. Particles in a water sample will easily block the
channels used in the microfluidic biochips. The necessity of preparing a water
sample prior to analysis will not allow the biochips to provide “real-time” detection
of pathogens in water at this time. Another concern is viability of the pathogens to
be detected by biochips. Monitoring the presence of some target molecule will
provide evidence only for the presence or absence of the target pathogen, not for the
viability of the pathogen in question. Some form of culture enrichment to ensure
growth is still needed in order to obtain meaningful results. The potential of bio-
chips and microarrays for waterborne pathogen detection is great; at this time,
however, much more research is needed to make this technology a reality in applied
water microbiology [26, 59].

2.3 Animal Feed Pathogens

Potential bacterial pathogens found in the feed are Cl. Perfringens, Cl. Botulinum,
Listeria s. (L. monocytogenes), Escherichia coli, Salmonella spp. Feed, therefore,
may contain a diverse microflora originating from soil that is characterized by its
ability to survive under conditions of desiccation and a wide range of microenvi-
ronments. The dissemination of bacteria may be assisted by boring insects that
invade seeds. Low water activity limits bacterial grown in stored grain. When
animal feed is stored under moist, anaerobic conditions such as silage or haylage,
bacterial diversity is inhibited by low pH. However, bacteria in feed have received
relatively little attention compared to moulds and fungi [60].

2.4 Approaches for Microbial Diversity Characterization

Researchers have investigated microbial population behavior in complex environ-
ments by examining DNA sequences that are conserved across pathogen species,
plasmids, or by using restriction enzymes to characterize genomes based on
sequences vulnerable to digestion. [16] used small subunit (ss) rRNA genes to
examine microbial population diversity in pasture soil. [42] used a combination of
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16S rDNA analysis and BOX-PCR (targeting repetitive intergenic sequence ele-
ments of Streptococcus spp.) to investigate nitrogen-fixing Azoarcus spp. in soil.
Restriction fragment length polymorphism (RFLP) analysis, in which population
diversity is measured by variations in the length of an amplified 16S rDNA gene,
has been used in environmental samples such as bioreactor sludge, termite guts, and
seagrass (Halophila stipulacea), and to determine bacterial population differences
in cow versus human fecal populations [13, 57, 103]. If specific microorganisms
could be tracked throughout the environment, a clearer understanding of trans-
mission cycles may lead to new advances in slowing disease spread.

Molecular analysis has also been applied as a surveillance method to detect
microbial contamination in animal feed samples [62]. These techniques have an
advantage over accepted methods involving the isolation of bacteria by enrichment,
selective culturing, and biochemical or serological identification is that molecular
assays are more rapid. Traditional culturing methods can take up to 5–7 days to
produce results versus 24–36 h for molecular analysis. Thus, a feed mill that
produces several tons of feed per hour can monitor its production in a more timely
manner. There are numerous commercial PCR kits available. A sampling of PCR
kits for the detection of Salmonella spp. include: BAXTM (Qualicon, Wilmington,
DE.), ProbeliaTM (Sanofi Diagnosic Pasteur, Marnes La Coquette, France), and
TaqManTM (PE Applied Biosystems, Foster City, CA). All of these assays have
reported greater than 95 % accuracy in detecting the bacterium in various matrices.
Part of the difficulty with molecular assays lies with the problem of extracting and
recovering representative samples from feeds for molecular analyses. Several
methods for the extraction of microbial nucleic acids have been tested to create a
sampling strategy that may be used to isolate and amplify microbial DNA from
animal feeds using polymerase chain reaction (PCR). A detergent-based initial
detachment of microorganisms from feeds followed by the modified procedure of
Widmer et al. [21, 103] was found to be the most robust extraction technique for
removing inhibitory compounds [61]. However, the extraction requires an over-
night incubation step, which complicates its use as a rapid method. Incubation at
lower temperatures (−70 °C instead of −20 °C) may be able to shorten this incu-
bation. As more commercial assays become available standard protocols for
extraction, enrichment and PCR can be more systematically evaluated to determine
the efficacy, detection limits, and the minimum enrichment time required for routine
analyses of animal feeds [60].

3 Traditional Methods for Detection of Waterborne
and Foodborne Pathogens

The effective testing of bacteria requires methods of analysis that meet a number of
challenging criteria. Analysis time and sensitivity are the most important limitations
related to the usefulness of bacterial testing. An extremely selective detection
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methodology is also required, because low numbers of pathogenic bacteria are often
present in a complex biological environment along with many other non-pathogenic
bacteria [27].

Many advances have been made in rapid methods and automation in microbi-
ology in the past 20 years. Fung comprehensively reviewed the subject in the
inaugural issue of the journal Comprehensive Review in Food Science and Food
Safety, published by the Institute of Food Technologists. The history and key
developments in the field were described. In addition, advances in sample prepa-
ration and treatments, total viable cell count methodologies, miniaturization and
diagnostic kits, immunological testing, instrumentation and biomass measurements,
genetic testing, and biosensors were described. Finally, US and world market and
testing trends and predictions of future developments were included. Of particular
interest are the developments in genetic testing and biosensors, which can be used
in water microbiology. Traditional microbiological methods rely on growth char-
acteristics of organisms at various temperatures, colony morphology in various
cultural media, biochemical reactions in various carbohydrates, and immunological
antibody–antigen reactions. These characteristics are influenced by environmental
factors and growth conditions of cells [21, 26, 84, 88, 105].

Existing and prospective microbiological control methods may be inherent
physical, chemical and biological principles detection of biological agents [98].
Biological methods to control bacterial contamination lies in the fact that the
studied samples (water, air, soil, food, swabs techniques, etc.). secrete microor-
ganisms, sow them in culture media and after the incubation temperature count the
number of colonies that grew [32]. During testing samples for the presence of
microorganisms prefer membrane filtration method. This method air, water or
suspension of the sample is passed through a special membrane bacterial filter.
More filter placed in a nutrient medium, incubated with the appropriate temperature
and count the number of colonies that grew [29]. This method makes it possible to
confirm the presence of viable microorganisms in the sample with the highest
possible probability. The main factors affecting the efficiency of determining the
degree of bacterial contamination, is the object of the sample for analysis, engi-
neering planting, nutrient composition, time and temperature crops, etc. [29, 102].

Microscopic method is used for the detection of the morphologically similar
bacteria in the selected material to reveal the suspected agents of disease. This
method provides a basis for the approximate diagnosis and usually requires further
confirmation with the help of the bacteriological and serological methods. The last
ones include the following reactions: agglutination, precipitation, bakteriolysis,
haemolysis, complement fixation and others. Bacteriological method is particularly
important in the diagnostics of most infectious diseases and it demands the
obtaining a pure culture of the causative agent of disease and the further investi-
gations. This method is a key in the diagnosis of bacterial diseases [82].

Existing biological methods of bacterial analysis, despite the high efficiency,
usually quite labor-intensive, requiring a lot of time to get results and expensive
media for culturing microorganisms [27]. All this prevents use these methods for
permanent monitoring and rapid analysis.
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In pathogenic bacteria more dangerous are products of their decomposition or
life. For food characterized by the presence of toxins and for injectable solutions—
lipopolysaccharide (pyrogens). Pyrogens—substances of different origin (mostly
biological) that cause a feverish condition of the body with a sharp increase in body
temperature [27]. It is possible that with pyrogenic reactions and endotoxins [102].
In this case, pyrogenicity test can be used to determine the presence of the samples.
Wide application acquired control method for pyrogenicity by raising body tem-
perature in response to an investigational intravenous drugs tested on rabbits. This
method is recorded only in the State Pharmacopoeia of our country but also in the
pharmacopoeias of other countries [64].

However, years of experience defining pirogenicity of rabbits revealed short-
comings of this method: the high cost of purchasing and operating the equipment,
keeping animals and care for them, the dependence of the results on the individual
animal, the need to test the sample for three or more animals to obtain reliable
results [64].

At this time in the US Pharmacopoeia and Canada introduced a new method for
determining the biological pyrogenicity which is to measure the optical density of
the gel amebocyte lysate crab Limulus polyphemus influenced by Gram-negative
bacteria endotoxin. This method has been tested on different types of bacteria
Escherichia coli, Proteus vulgaris, Klebsiella aerogenes, Salmonella thy-
phimurium, Pseudomonas aeruginosa. Its sensitivity is in the range: E. coli—750,
P. vulgaris—200, P. aeruginosa—12,000 cells. By A. M. Greek was developed the
method of pyrogenicity were asked to determine water for injections largest ratio of
fluorescence intensity excimer to monomer pyrene. Also the possibility of deter-
mining liposacharyds using photoacoustic spectroscopy, thermal-lens spectrometry.

If microbial samples before testing process solution ethylenediaminetetraacetic
acid or methyl thymol blue [74], the reaction threshold is increased and the test
gives a positive result for the presence of E. coli 125 cells, 50 cells of P. vulgaris
and P. aeruginosa 400 cells per unit volume [25]. This method, despite its
advantages, has some significant disadvantages: difficulty obtaining amebocyte
lysate, the need for special storage conditions, instability lysate, complexity
catching, transportation, holding crabs, lobsters and Xiphosura. That lack of classic
biological analyzes the driving force behind the development of methods specific
indication and diagnosis of infectious diseases.

Methods for determining the presence of microorganisms in the samples using
probes—dyes. The essence of it is in the studied sample injected rhodamine 6G,
record its fluorescence intensity on the wavelength of 555 nm in the presence of
bacteria that is compared with the intensity of fluorescence standard solution
indicator on the same wavelength. The results of measurements are concluding the
presence of microorganisms. For research took 3 types of microorganisms—E. coli,
Bacillus subtilis, P. aeruginosa. The magnitude of changes in fluorescence intensity
depended on the type of indicator bacteria and their strength. The resazurin as
indicator, example you can use to determine the total microbial number during the
microbiological control of foodstuffs. Experiments were performed cultures:
Bacillus cereus, B. subtilis, E. coli, Staphylococcus aureus, Candida utilis [27].
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Most of the microorganisms have the property of absorbing light and intrinsic
fluorescence in the ultraviolet area by tryptophan and tyrosine residues of protein
toxins [34]. On this basis, it was proposed to use the said property to identify
microorganisms in aqueous solutions and in dry soil samples [95], and the
fluorescence and light scattering to determine the presence of pathogens in the
air [46].

Microorganisms have the ability to not only the absorption in the ultraviolet
(UV), but also in the infrared (IR) section. With the shift of the maximum
absorption of infrared-spectral range in 1600–1700 cm−1 can determine the degree
of cell viability [49].

In connection with the development of sensitive equipment to register superweak
luminescence (chemiluminescence, bioluminescence and electrochemilumines-
cence) of various biological objects the ability to use this feature to test the presence
of microorganisms in different environments. Some types of microorganism’s
bioluminescence observed in the presence of ions Mg [30].

The glow is due to the addition of oxygen to the complex luciferase luciferin
adenosine monophosphate. The source adenosine diphosphate serves as adenosine
triphosphate (ATP) microbes. Sensitivity of 103 microbial cells in 1 ml.

Bioluminescence method can be used to control the presence of microorganisms
in different environments [18]. In addition, microorganisms can decompose
hydrogen peroxide using catalysis in the presence of chemiluminescent compound.
It was used during the development of the method of determination of the total
concentration and the presence of live microorganism’s cells. Applying as oxidizing
agent of potassium dihydrogen phosphate, can increase the sensitivity chemilumi-
nescence method [49].

The most sensitive radiometric methods are that allow the definition based on the
number C14O2 that emerged in the course of microorganisms with C14 labeled
carbohydrate nutrient medium, to identify individual cells E. coli (even one in the
water) [8]. The calculation was performed on a liquid scintillation spectrometer.
The presence of the negatively charged bacterial membrane allows to determine
their presence in different environments. Technically method is carried out as fol-
lows: in the cooking chamber with liquid nutrient and studied a model containing
two electrodes—measuring and standard. Standard covered electrode material,
permeable to microorganisms.

When the camera reached some cell concentration, measured potential difference
proportional to their number [105]. Possible areas of application: determine the
intensity of contamination of samples machinery, food products, evaluation of the
effectiveness of antibacterial agents.

We also consider a method that allows the change in the electrical conductivity
of the sample slurry to conclude that the degree of growth of microorganisms in the
medium and their number. The sensitivity of this method is low. Changing the
voltage or current to the electrode is recorded only when the concentration of
microorganisms 105–106 cells per 1 ml [89].
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Create a constant electric potential on the graphite electrode leads to inhibition of
respiratory activity of microbial cells of Saccharomyces cerevisiae, B. subtilis,
E. coli, placed directly on this electrode.

The degree of respiratory activity depends on the electrode potential and the type
of bacteria. Fall respiratory activity correlated with a decrease in the number of
viable cells. All this suggests the possibility of creating an electrochemical method
indicating the presence of microorganisms.

Some interest electric method of identifying and counting the bacteria in sus-
pensions based on determining the change in the polarization of the laser beam that
occurs after its passage through the bacteria suspension, oriented in an electric
field [58].

There is a way to identify Enterobacteriaceae based on tryptychnomu solubi-
lization and decomposition of proteins by their laser mass spectrometry desorption
ionization with matrix [75].

One of the methods of high definition and identification of bacteria is to compare
the outer membrane protein with a database full set of proteins. For a complete set
of tabulations masses used proteins laser mass spectrometry method with liquid
chromatography [94, 100]. Identification of proteins on the surface of the outer
membrane of bacterial cells is carried out by ligands that fluorescing and have a
greater propensity to bind to proteins [28]. This method can be used to indicate and
to differentiate between pathogenic and non-pathogenic strains [53].

The surface-enhanced Raman spectroscopy [23, 37] of electromagnetic waves in
the optical range sorted on metals chemicals and biological agents (viruses, bac-
teria, toxins) can also be used to determine small concentrations of highly toxic
substances. Two-dimensional spectral resonance scattering in the ultraviolet region
allowing identification of bacteria and identify similar genetic samples [10].

In 1985 Karl Myullis with team developed a method for cloning DNA sequences
in vitro, known as polymerase chain reaction (PCR). This method of amplification
in vitro, by which for a few hours can be identified and multiplying a sequence of
DNA in excess of 108 times the output in [10]. PCR can be made fast and highly
sensitive determination of Mycobacterium tuberculosis [36, 63, 97], human
immunodeficiency virus (HIV), papilloma virus [35] and so on. It is not necessary
to work with radioactive isotopes, as amplified viral DNA segment appears
immediately after electrophoretic separation of DNA and dye coloring it accord-
ingly [35].

Genotypic characteristics of a cell are far more stable than phenotypic expres-
sions. Genetic methods have been developing rapidly in the past two decades. First,
DNA and RNA hybridization techniques were perfected and widely used to rapidly
detect organisms such as Salmonella, Listeria, Campylobacter, etc. More recently,
PCR has been widely used for the detection of a great variety of microorganisms in
clinical, food, industrial, and water microbiology. Basically, a DNA molecule
(double helix) of a target pathogen (e.g., Salmonella) is first denatured at about 95 °C
to form single strands, then the temperature is lowered to about 55 °C for two pri-
mers (small oligonucleotides specific for Salmonella) to anneal to specific regions
of the single-stranded DNA. The temperature is then increased to about 70 °C for
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a special heat-stable polymerase, the TAQ enzyme from Thermus aquaticus, to add
complementary bases (A, T, G, or C) to the single-stranded DNA and complete the
extension to form a new double strand of DNA. This is called a thermal cycle. After
this cycle, the tube is heated to 95 °C again for the next cycle. After one thermal
cycle, one copy of DNA will become two copies. After about 21 cycles and 31
cycles, 1 million and 1 billion copies of the DNA will be formed, respectively. This
entire process can be accomplished in less than an hour in an automatic thermal
cycler. After PCR reactions, one still needs to detect the presence of the PCR
products to indicate the presence of the pathogen to be detected. In the original PCR
procedure, PCR products were detected by electrophoresis, which is time consuming
and laborious. Several new PCR protocols have recently been developed to effi-
ciently report successful PCR reactions. It was described an automatic system for
screening a family of PCR assays for pathogens, which combines DNA amplifica-
tion and automated homogeneous detection to determine the presence or absence of
specific targets. All primers, polymerase, and deoxyribonucleotide bases necessary
for PCR as well as a positive control and an intercalating dye are incorporated into
the single tablet. The system works directly from an overnight enrichment of the
target organisms. No DNA extraction is required. Assays are available for
Salmonella, E. coli O157:H7, Listeria, and L. monocytogenes. The system uses an
array of 96 blue light emission diodes as the excitation sources and a photomultiplier
tube to detect the emitted fluorescent signal indicating successful PCR reactions.
This integrated system improves the ease of use of the assay. The inclusivity and
exclusivity of this system reach almost 100 %, meaning that false-positive and
false-negative rates are almost zero. Additionally, this automated system can now be
used with assays for the detection of Cryptosporidium parvum and Campylobacter
jejuni/coli and for the 372 Waterborne Zoonoses quantitative and qualitative
detection of genetically modified organisms in soy and corn described a
self-contained PCR system that can report the successful PCR reaction by measuring
fluorescence reaction in the experimental chambers. A special molecule is annealed
to the single-stranded DNA to report the linear PCR amplification. The molecule has
the appropriate sequence for the target DNA. It also has two attached particles. One
is a fluorescent particle, and the other is a quencher particle. When the two particles
are close to each other, no fluorescence occurs. However, when the TAQ polymerase
is adding bases to the linear single strand of DNA, it will break this molecule away
from the strand. As this occurs, the two particles will separate from each other, and
fluorescence will occur. By measuring fluorescence in the tube, a successful PCR
reaction can be determined. A new system using molecular beacon technology has
been developed. In this technique, all of the reactions are in the same tube.
A molecular beacon is a tailor-made hairpin-shaped hybridization probe. The probe
is used to attach to target PCR products. On one end of the probe, a fluorophore is
attached; on the other end is a quencher of the fluorophore. In the absence of the
target PCR product, the beacon is in a hairpin shape and there is no fluorescence.
However, during PCR reactions and the generation of target PCR products, the
beacons will attach to the PCR products and cause the hairpin molecule to unfold. As
the quencher moves away from the fluorophore, fluorescence will occur, and this can
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be measured. By using molecular beacons containing different fluorophores, one can
detect different PCR products in the same reaction tube and thus perform “multiplex”
tests of several target pathogens (Bio-Rad 2003). One of the major problems of PCR
systems is that of contamination of PCR products from one test to another. A system
developed by the Pasteur Institute attempts to eliminate PCR product contamination
by substituting the base uracil for thymine in the entire PCR protocol. Thus, in the
reaction tube, there are adenine, uracil, guanine, and cytosine, but not thymine.
During the PCR reaction, the resultant PCR products will be AUGC pairing and not
the natural ATGC pairing. After one experiment is completed, a new sample is added
to another tube for the next experiment. That tube contains an enzyme called
uracil-D-glycosylase (UDG), which will hydrolyse any DNA molecules that contain
a uracil base. Therefore, if there is contamination from a previous run, the
AUGC-DNA will be destroyed before the beginning of the new run. Before a new
PCR reaction, the tube with all reagents is heated to 56 °C for 15 min for UDG to
hydrolyse any contaminants. During the DNA denaturation step, the UDG will be
inactivated and will not act on the new AUGC-PCR products. This
Detection/enumeration methods 373 system can detect Salmonella, Listeria mono-
cytogenes, and other. The nucleic acid sequence-based amplification (NASBA)
technique has been perfected in recent years for water microbiology. It has advan-
tages over the PCR technologies. Since the target is RNA, it can be used to detect
RNA viruses and functional mRNA targets. It is isothermal and thus does not require
a thermal cycler for the reaction. It is rapid and sensitive for detection of target
molecules. PCR, NASBA, and related genetic technologies can be powerful tools for
water microbiology once the existing problems are solved and the systems are
automated. Also, analysts have to be convinced to invest time and money to convert
to these technologies for the routine analysis of water microbiology [17].

4 Biosensors for Detection of Waterborne and Foodborne
Pathogens

There are now a large number of biosensors available for detection of target
microorganisms in a variety of food, water, clinical, and industrial samples. [43]
provided a comprehensive overview of different physicochemical instrumental
techniques for direct and indirect identification of bacteria, including infrared and
fluorescence spectroscopy, flow cytometry, chromatography, and chemilumines-
cence techniques, as a basis for biosensor construction [43]. Biosensor development
and application are exciting fields in applied microbiology. The basic idea is simple,
but the actual operation is quite complex and involves much instrumentation.
Basically, a biosensor is a molecule or a group of molecules of biological origin
attached to a signal recognition material. When an analyte comes in contact with the
biosensor, the interaction will initiate a recognition signal that can be reported in an
instrument. Many types of biosensors have been developed, including a large variety
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of enzymes, polyclonal and monoclonal antibodies, nucleic acids, and cellular
materials. In some applications, whole cells can also be used as a biosensor. Analytes
detected include toxins (e.g., staphylococcal enterotoxins, tetrodotoxins, saxitoxin,
and botulinum toxin); specific pathogens (e.g., Salmonella, Staphylococcus, and
Escherichia coli O157:H7); carbohydrates (e.g., fructose, lactose, and galactose);
insecticides and herbicides; ATP; antibiotics (e.g., penicillins); and others. The
recognition signals used include electrochemical (e.g., potentiometry, voltage
changes, conductance and impedance, and light addressable); optical (e.g., ultravi-
olet, bioluminescence, chemiluminescence, fluorescence, laser scattering, reflection
and refraction of light, surface plasmon resonance, and polarized light); and mis-
cellaneous transducers (e.g., piezoelectric crystals, thermistor, acoustic waves, and
quartz crystal). Recently, much attention has been directed to the development of
“biochips” and “microchips,” which may detect a great variety of molecules asso-
ciated with waterborne and foodborne pathogens.

Due to the advancements in miniaturization technology, as many as 50 000
individual spots (e.g., DNA microarrays), each spot containing millions of copies of
a specific DNA probe, can be immobilized on a specialized microscope slide.
Fluorescent labelled targets can be hybridized to these spots and detected. Biochips
can also be designed to detect all kinds of waterborne bacteria by imprinting a
variety of antibodies, or DNA molecules, against specific pathogens on the chip for
the simultaneous detection of pathogens such as Salmonella, Listeria, E. coli, and
Staphylococcus aureus on the same chip. Biochips are an exceedingly important
technology in life sciences, and the market value is estimated to reach $5 billion by
the middle of this decade. This technology is especially important in the rapidly
developing field of proteomics, which requires massive amounts of data to generate
valuable information. The development of these biochips and microchips provides
an impressive method for obtaining a large amount of information for biological
sciences [17, 26].

4.1 SPR Based Biosensors

Optical biosensors are powerful analytical tools for detection of microorganisms,
toxins and other substances and represent the largest group among sensor devises.
Due to their high sensitivity, ease of use and short time of analysis some of them
were successfully commercialized and have been applied in numerous important
fields such as medical diagnostics, environmental monitoring, food safety and
security. Phenomenon of surface plasmon resonance (SPR) in different modifica-
tions is widely used for biosensors creating. SPR phenomenon was first described
by Kretschmann in 1971 and then the proposed scheme for SPR was widely used
for detection of organic mono- and multi-layers on metal surfaces. After [56] used it
in the purposes of biosensing SPR was deeply studied and became a powerful tool
for label-free studying of interactions between biological sensing elements and
target molecules. By far, the most common SPR sensor platforms are based on
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prism scheme [41] and angular modulation, but recently, a lot of attention have
been paid to the study of waveguides with optical phase detection technique since it
demonstrates high sensitivity for detection of bio-reactions [66]. As a biological
sensing elements the proteins (e.g., antibodies) and peptides are the most frequently
used. In addition, it was shown that immobilization of biomolecules to the bare
transducer surfaces has negative impact to their reactivity therefore different
methods of previous surface preparation are used. The main aim of surface mod-
ification is to provide maximum interaction between biomolecule (ligand) and
analyte. Alternative to physical adsorption is covalent binding between amino
groups of the protein and activated carboxyls on self-assembled monolayers
(SAM) of alkanethiolates or within a dextran matrix. Avidin (or streptavidin)-biotin
interactions are widely used for providing effective immobilization of biomolecules,
such as oligonucleotides or for site-specific binding of antibodies. In case of anti-
bodies immobilization to get a biomolecular layer with high level of site-oriented
molecules intermediate binding molecules are used such as Fc-related proteins A
[81, 83], G [72] and hybrid immunoglobulin highly-specific binding proteins LG
and LA [47, 90]. Covalent binding of antibodies with SAM-molecules or
Langmuir-Blodgett films via thiol groups increases the activity of antibodies up to
70 % [5]. The sensitivity of analysis strongly depends on the algorithms of
detection fulfillment. There are next variants: (1) the “direct” way when the specific
antibodies, which were immobilized on the transducer surface interact with solution
contented different concentration of antigen; (2) the “competitive” way-1 when
antigen to be analyzed compete with its conjugate (covalent linked complex antigen
with enzyme or some protein) for the specific antibodies which were immobilized
on the transducer surface; (3) the “competitive” way-2 when antigen in form of
conjugate (covalent linked complex antigen with enzyme or some protein) are
immobilized on the transducer surface and it competes with free antigen to be
analyzed for the specific antibodies in solution; (4) the “to saturate” way when the
specific antibodies which were immobilized on the transducer surface interact at
first with free antigen to be analyzed and then with antigen in form of conjugate
(covalent linked complex antigen with the enzyme or some protein); (5) the
“sandwich method” when antigen interacts at first with specific antibodies which
were immobilized on the transducer surface and then with second portion of
specific labeled antibodies.

In recent years, the interest and application of biosensors based on SPR for
detection and control of pathogens has highly increased. For this purpose immune
reaction and direct way of analysis is commonly used. As it was shown before by the
numerous studies antibodies immobilization via physical adsorption is ineffective for
antigen binding, therefore previous modification of transducer surfaces for providing
oriented binding of antibodies has wide application. Koubova´ et al. demonstrated
Salmonella enteritidis detection with SPR based biosensor using antibodies
immobilized to the bare gold surface via physical adsorption. Analysis was per-
formed in a direct way. Concentration of detected cells of bacteria was on the level
106 CFU/ml [48]. Barlen et al. attempted to detect Salmonella typhimurium and
Salmonella enteritidis simultaneously in phosphate buffer firs and then in milk using
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SPR biosensor “Plasmonic”. Detection was performed using “sandwich-method”
and polyclonal antibodies were immobilized to the hydrophobic surface. Detection
level for S. typhimurium in phosphate buffer was 1.25 × 105–2.5 × 106 cells/ml and
for S. enteritidis it was 2.5 × 108–2.5 × 109 cells/ml. After milk analysis contami-
nated by given microorganisms, detection level was 2.5 × 105–5 × 105 and
2.5 × 108–3 × 109 cells/ml respectively [11].

Oh with group carried out a series of experiments for S. typhimurium and S.
paratyphi detection using SPR biosensor. For S. typhimurium detection the working
surface of biosensor was covered by SAM of 11-mercapto-undecanoic acid, then the
layer of protein G was formed and after that, the monoclonal antibodies were
immobilized. The range of device sensitivity was 102–109 CFU/ml. For S. paratyphi
detection protein G was immobilized to the sensing surface using 2-iminohiolan and
then the monoclonal antibodies to bacteria were added. Using described method the
sensor sensitivity was on the range of 102–107 CFU/ml [71, 72].

Bokken et al. detected Salmonella of group A, B, D and E using commercial
SPR based biosensor Biacore. Antibodies were immobilized to the layer of car-
boxymethylated dextran and for Salmonella serotype identification the
“sandwich-method” was applied. As a result the detection level of the devise was
1.7 × 103–107 CFU/ml even in the presence of the other bacteria cells in quantity of
108 CFU/ml [15].

There are numerous articles dedicated to Salmonella detection using SPR
biosensors based on commercial Spreeta modules. Lan et al. have determined S.
typhimurium in a quantity of 1 × 106 CFU/ml [50]. Son with group detected S.
enteritidis. Antibodies specific to S. enteritidis were immobilized to the gold surface
via neutravidin. The smallest number of detected cells was about 105 CFU/ml [79].

Starodub with group also studied the possibility of different substances detection
using SPR based biosensors and S. typhimurium was among them (Table 1). For the
study two SPR biosensors were used: one was based on commercial Spreeta
module and the other one “Plasmonotest” was designed V.M. Glushkov Institute of
Cybernetics of NAS of Ukraine. As reactive part antigen-antibody interactions were
used and previous working surface preparation was occurred which included sev-
eral sequential steps: (a) covering of surface by polyalylamine hydrochloride
(PAA) (b) immobilization of protein A from Staphylococcus aureus; (c) the ori-
ented binding of the specific antibodies; (d) bovine serum albumin immobilization
(BSA) for blocking free non-specific binding centers on the gold surface. For
biological material immobilization on the gold surface polyelectrolytes are widely
used [86]. Thin films obtained using small charged organic molecules are common
since this molecules form insoluble polymer which electrostatically sorbs
molecules with opposite charge [85]. In particular polyallylamin hydrochloride
(PAA) immobilization on the transducer surface provides the acquisition of positive
charge. To overcome the blocking of active sites of antibodies (antigen-binding
sites) because of their interaction with gold surface the protein A from
Staphylococcus aureus was previously immobilized [85]. The reason is that this
protein has affinity to Fc-fragments of immunoglobulin G (IgG) and can bind its
molecules without active sites participation. High quantity of free antigen-binding
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Table 1 The comparison of the sensitivity of SPR based biosensors depending on the method of
working surface preparation and biosensors with different types of transducer

Item The type of biosensor and
transducer modification

Analyte Level/range of sensitivity

1. SPR immune biosensor, physical
adsorption [48]

S. enteritidis 106 CFU/ml

2. SPR immune biosensor
“Plasmonic”, hydrophobic
surface [11]

S. typhimurium,
S. enteritidis

In phosphate buffer: 1.25 × 105–
2.5 × 106 cells/ml, 2.5 × 108–
2.5 × 109 cells/ml.

In milk: 2.5 × 105–
5 × 105 cells/ml.

2.5 × 108–3 × 109 cells/ml

3. SPR immune biosensor;
11-mercapto-undecanoic acid,
protein G1; 2-iminohiolan,
protein G2 [71, 72]

S. typhimurium1,
S. paratyphi2

102–109 CFU/ml

102–107 CFU/ml

4. SPR immune biosensor
“Biacore”, carboxymethylated
dextran [15]

Salmonella of
group A, B, D
and E

1.7 × 103–107 CFU/ml

5. SPR “Spreeta” module based
immune biosensor [50]

S. typhimurium 1 × 106 CFU/ml

6. SPR “Spreeta” module based
immune biosensor, neutravidin
[79]

S. enteritidis 105 CFU/ml

7. SPR “Spreeta” module based
immune biosensor; PAA, protein
A [70, 81, 83–84]

S. typhimurium 103–107 cells/ml

8. SPR immune biosensor
“Plasmonotest”; PAA, protein A
[70, 81, 83–84]

S. typhimurium 102–106 cells/ml.

9. TIRE based biosensor; PAA,
protein A [81]

S. typhimurium Several cells (less than 5) in
10 ml

10. PhL of ZnO nanorods [96] S. typhimurium 102–106 cells/ml

11. Au and magnetic Fe2O3

nanoparticles modified with
polyaniline [99]

E. coli O157:H7 101–106 CFU/ml

12. Graphene magnetic nanosheet
decorated with chitosan [2]

P. aeruginosa,
S. aureus

In suspension, using
fluorescence: 4.5–5.0 × 102

CFU/ml— using MALDI:
4.5–5.0 × 102 CFU/ml

In blood: using fluorescence:
1.0–4.0 × 102 CFU/ml— using
MALDI: 5.0–6.0 × 102 CFU/ml.

13. ISFETs based immune
biosensor; glutaraldehyde,
protein A [81]

S. typhimurium 2–5 × 105 cells/ml.
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sites improves antigen binding and provides increasing of biosensor sensitivity. In
the case of Spreeta based biosensor, it has been defined that device sensitivity was
on the level 103–107 cells/ml. “Plasmonotest” detection level was within 102–106

cells/ml [70]. After analyzing the above results one can conclude that the lowest
limit of sensitivity of SPR based biosensors in case of Salmonella detection is on
the level of 102 cells/ml. But considering the fact that the infectious dose of a
pathogen such as E. coli O157:H7 or Salmonella is as low as 10 cells and the
existing coliform standard for E. coli in water is 4 cells/100 ml [43] demonstrated
technique it is not sufficient for all practice situations. The current situation makes
scientists to continue their work in this field and develop more sensitive methods for
bacteria detection.

4.2 TIRE Based Biosensors

One of the promising optical methods for biosensors creating is total internal
reflection ellipsometry (TIRE). Ellipsometry is an optical method for studying of
surfaces and environments, which is based on analysis of amplitude and phase
changes of a light wave during its interaction with the investigated object. Later it
was studied the possibility of using phase change of reflected light in terms of total
internal reflection. This method was called total internal reflection ellipsometry and
was first described in 1976 [3]. Getting ellipsometry parameters in terms of total
internal reflection significantly increased sensitivity and detection level comparing
with conventional ellipsometry and SPR technology. Thus, the method of TIRE
provides a level of determination within 5 × 10−7 RIU while for ellipsometric
measurements this index is 10−5 RIU [44]. The reflected wave is formed on the
edge of optically contrasting environments therefore ellipsometric measurements
provide the information about optical structure of surface area and these processes
that affect to its optical properties [7, 9].

In the work of Starodub et al. TIRE method was applied for S. typhimurium
detection in model solutions. For the experiment prism scheme sensor platform in
combination with specific antibodies as a reactive part were used and previous
surface preparation was occurred as described in [70, 81]. Biosensor based on TIRE
showed higher sensitivity than the SPR based. Maximal sensitivity was on the level
of several cells (less than 5) in 10 ml [70, 81].

TIRE has several advantages that make it attractive for further study and appli-
cation in field of biosensing. First of all TIRE provides high sensitivity. Thus,
sensitivity of biosensors based on ellipsometry can be different for different sub-
stances but usually it reaches the level of a few nanograms. At the same time, analysis
does not require large amounts of reagents and can be satisfied by using of microliters
of samples. Other advantages of this method are: no need of reagents labeling; no
damaging effects on the object of study; the possibility of real-time analysis; large
measuring range (from nM to µM) and short time of analysis [24, 33, 76].
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4.3 PhL of Nanomaterials for Biosensor Application

In recent years, there is a growing interest in studying and obtaining photolumi-
nescent nanomaterials such as nanoscale structures and quantum dots of metal
oxides. This is because nanoparticles of metal oxides acquire new qualitative
changes of physical and chemical properties, catalytic ability and reactivity, which
are not observed in microscopic bodies of the same chemical nature. One of these
properties is photoluminescence (PhL). PhL is a powerful technology for develop-
ment of optical biosensors since it does not require any procedures of bioreceptors
preparation, complex electrical circuits and expensive equipment. The principle of
PhL based biosensor operating is to measure changes of photoluminescence spectra
of nanoparticles (intensity and peak position) caused by interaction of biological
components. Many different substances were successfully detected by means of
nanoparticle PhL such as ions, DNA molecules,dopamine, carbohydrate antigen,
bovine leukemia virus and S. typhimurium etc. [38, 39, 54, 77, 96].

Viter et al. described a novel approach of S. typhimurium detection in model
solutions using biosensor based on room temperature PhL of ZnO nanorods. The
metal oxide nanopowder wos dispersed in solution and then deposited on glass
substrate. Immobilization of biomolecules on metal oxide surface was performed
due to coordination bond and van der-Waals interaction between biomolecules and
surface. As a biorecognition element specific polyclonal antibodies to S. typhi-
murium were used. Anti-salmonella antibodies were immobilized on ZnO surface
via physical adsorption. To prevent non-specific adsorption of antigen BSA solu-
tion was applied after immobilization of the anti-salmonella antibodies. After
washing and drying ZnO nanorod layer wos immersed for 20 min into the 0.85 % of
NaCl solution containing controlled concentration of S. typhimurium cells. On each
step PhL of ZnO nanorods was measured. It was shown that PhL intensity of ZnO
nanorods increased due to interaction between adsorbed proteins (specific anti-
bodies and BSA) and ZnO surface. After adding of S. typhimurium cells and Ag-Ab
interaction, decrease of PhL intensity was observed (Fig. 1). The biosensor showed

Fig. 1 PhL spectra of ZnO
nanorods, after
immobilization of anti-
Salmonella Ab (ZnO:Ab),
after BSA (ZnO:Ab:BSA),
and after immune reaction
with Salmonella Ag (ZnO:
Ab:BSA:Ag)
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the changes of the signal in the range of 101–106 cells/ml (Fig. 2). The detection
limit of biosensor was about 102 cells/ml [96]. Chances are to increase sensor
sensitivity when surface functionalization will be provided for covalent binding of
antibodies.

Gold nanoparticles in combination with magnetic nanoparticles of Fe2O3 were
successfully combined by Wang et al. for Escherichia coli O157:H7. Fe2O3

nanoparticles were modified with polyaniline. Magnetic nanoparticles were conju-
gated with monoclonal antibodies to separate target E. coliO157:H7 cells from broth
samples. Gold nanoparticles were conjugated with polyclonal Abs, and then were
added to solution to form sandwich of magnetic nanoparticles- E. coli- gold
nanoparticles. The amount of gold nanoparticles was measured through electro-
chemical method and the amount of the target bacteria were determined. Sensitivity of
the described method was 101 CFU/ml with a linear range of 101–106 CFU/ml [99].

Graphene is a novel allotropic member of carbon-based nanomaterials and it has
attracted worldwide interest due to excellent features such as high specific surface
area, electronic conductivity, thermal conductivity, mechanical strength, cheap and
easy to undergo functionalization via π–π interactions, covalent bonding, polymer
blending and electrostatic interactions and it has been used for biosensing and
fluorescence imaging [2]. Graphene nanostructures with their microscale area,
sensitive electrical properties, and modifiable chemical functionality are excellent
candidates for such biodevices at both biocellular and biomolecular scale. Graphene
has already been successfully applied in biosensors creating for numerous sub-
stances detection such as DNA and proteins [106, 107] and pathogenic bacteria are
among them. Abdelhamid et al. described graphene magnetic nanosheet decorated
with chitosan as a promising biosensor for fluorescence spectroscopy and it can be
also applied for matrix assisted laser desorption/ionization mass spectrometry
(MALDI) for sensitive pathogenic bacteria detection. P. aeruginosa and S. aureus
were detected in cell suspension and in blood. Limit of detection of P. aeruginosa
and S. aureus in suspension using fluorescence was 5.0 × 102, 4.5 × 102 CFU/ml
and for blood it was 4.0 × 102, 1.0 × 102 CFU/ml for each bacteria respectively.

Fig. 2 Sensitivity of the ZnO
biosensor to Salmonella Ag at
different concentrations [96]
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MALDI provided sensitivity on the level of 5.0 × 102, 4.5 × 102 CFU/ml in
suspension and 6.0 × 102, 5.0 × 102 CFU/ml in blood samples [2].

4.4 ISFETs Based Biosensors

Ion-sensitive field-effect transistors (ISFETs) represent the group of semiconductor
potentiometric devices and are widely applied in biosensors. The interest to these
devices only grows since 70 s of past century when P. Bergvald and T. Matsuo have
proposed pH-FET as promising transducers for biosensors [20, 80, 92] and reported
that these structures are suitable for highly sensitive detection of protons generated
during the biochemical reaction and as elements for integrated multifunctional and
multiparametric on-chip biosensors. Lately ISFET biosensors were adapted for
different purposes including detection of glucose and urea, with the further use in
clinical analyses. This tendency can be explained by the numerous advantages of
ISFTs such as: miniature, possibility to put several electrodes on a single chip of
semiconductor, low cost in mass production. The most often for biosensor creation
pH-sensitive FETs are used. The numerous biological substances can be applied for
modification of FETs surface to provide its selectivity depending of the task, but the
largest number of works is dedicated to the use of enzymes, immunoglobulins and
DNA molecules therefore biosensing FET systems are divided to enzymatic,
immune and DNA FETs [14, 51]. Immune ISFET based biosensor was successfully
applied by Starodub et al. for detection herbicide simazine. To the gate surface of
ISFET the protein A from Staphylococcus aureus was immobilized to provide
site-oriented binding of polyclonal antibodies specific to simazine. Detection of
simazine was carried out in two ways such as “competitive” and “to saturate” way.
In the first case detection level of simazine was 1,25 ng/ml and the use of “to
saturate” method improved the biosensor sensitivity up to 0,65 ng/ml. The paper
says that ISFET can be reused several times without signal reducing after it
treatment with acid solution and water. The duration of analysis taking into account
all preparatory steps was about 50 min. [80].

Starodub and Ogorodnijchuk [81] developed new type of immune biosensor
based on ISFETs with CeOx instead of Si3N4 gate surface, which provides high
sensitivity and stability of the analysis (Figs. 3 and 4).

The biosensor was used for S. typhimurium detection in model solutions using
immune reaction. The surface was activated twice by water solution of glu-
taraldehyde (GA). Next step was the protein A from Staphylococcus aureus
immobilization and the solution of glycine was applied for blocking of GA
non-bonded groups. At last, the working chip was covered by specific antiserum.
Analysis was fulfilled by the “sandwich” method in the way when the immobilized
specific antibodies interact with Salmonella cells diluted in 0.85 % solution of
NaCl. Then, bounded cells on the transducer surface were treated by the specific
antibodies labeled by horseradish peroxidase (HRP) which activity was registered.
For HRP activity registration special buffer was used which contained 5 mM
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tris-HCl (pH 7.5), 100 mM NaCl, 15 mM ascorbic acid and 5 or 10 mM H2O2.
Substrate reaction provided local change of pH as a result forming of dehy-
droascorbic acid that is more alkaline than ascorbic acid. The antigen was in form of
suspension of autoclaved cells of S. typhimurium diluted in 0.85 % NaCl with initial
concentration of 106 cells/ml. The conjugate of specific antibodies with HRP have
been prepared using previously described method [87]. It was demonstrated that the
sensitivity of the analysis of salmonella was about 2–3 cells/ml with the maximal
response up to 5 × 105 cells/ml. The total time of the measurements can be reduced
to 15–20 min if the transducer surface was previously prepared and if one part of
the specific antibodies are immobilized on it and the other one labeled by horse-
radish peroxidase is added to the analyzed solution. Each chip may be reused up to

Fig. 3 Scanning electron
microscopy of ISFET gate
surface

Fig. 4 Influence of pH on the
output characteristics of
ISFETs with the Si3N4 and
CeO2 dielectric structures
(Starodub and Ogorodnijchuk
[81]
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5 times without signal decreasing after its treatment by 0.1 M HCl for 5 min fol-
lowed by washing with 5 mM phosphate buffer, pH 7,5 [81].

The authors compare the characteristics of the immune biosensors based on the
SPR, TIRE, quartz crystal acoustic wave, amperometry, chemiluminescence and on
the ISFETs with CeOx gate surface and conclude that they have similar sensitivity
but the last approach may provide to achieve low cost of analysis [81]. To have the
sensitivity of analysis in the respect of Salmonella and others bacteria on the level
of infection dose [43] there is necessary to have a special system of the analyzed
sample and in particular, accumulation of cells through application of bioaffinic
columns as it was early demonstrated by some authors [55]. The comparison of the
sensitivity of biosensors with different types of transducer is presented in Table 1.

5 Conclusions

Nowadays the need to develop rapid and highly sensitive methods for pathogens
diagnostic is relevant in the world. Thousands of people die and millions illnesses
occur each year in developed and developing countries caused by foodborne
pathogens. High-specific and rapid methods of bacteria detection are urgently
needed in all segments such as medical, environmental, food, and military. The
United States Department of Agriculture (USDA) estimated that US food industry
alone performs in total more than 144 million microbial tests annually. Known
today methods of pathogens detection can be divided into the categories of con-
ventional and rapid methods. Conventional methods involve enriching the food
sample and performing various media-based metabolic tests (agar plates or slants).
Depending on pathogen and method, tests typically require 3-7 days to obtain a
result. Rapid methods, however, are based on immunochemical or nucleic acid
technologies. Commercially available rapid tests can provide results in 8-48 h but
results from these screening tests are presumptive and require further isolation of
organism as proof of contamination. Thus, the combination of speed and sensitivity
is the key for any rapid detection method. Furthermore, over the past few years,
there has been a shift toward more pathogen detection on-site e.g. in
food-processing plants and this demands portability and non-laboratory technics
[6]. We believe that all these parameters can be successfully combined in modern
instrumental devices based on the principles of biosensorics. As it shown above
optical biosensors are portable and provide real-time analysis, which makes them
very attractive for rapid-test systems creation. However, the lowest limit of sensi-
tivity of SPR based biosensors for Salmonella spp. representatives is on the level of
102 cells/ml, which is insufficient since single-cell detection is required. Practical
demands can satisfy TIRE based biosensors, which provides sensitivity on the level
of several cells (less than 5) in 10 ml. Nanostructure-based techniques are very
promising for biosensor creation and as it is shown above provide quite high
sensitivity for pathogen detection both in form of deposited structures and quantum
dots as well as graphene nanostructures. At the same time, these techniques are

Efficiency of Instrumental Analytical Approaches … 223



quite new in biosensorics and need further studying. ISFETs with CeOx gate sur-
face are the best suited for use in industrial scale such as provide high sensitivity on
the level of 2–3 cells/ml, can be reused up to 5 times without signal decreasing and
provide low cost of analysis comparing with other types of biosensors. In order to
obtain the sensitivity on the level of infectious dose it is necessary to pay attention
to the effective methods of previous food samples preparation especially to the
methods of bacteria cells concentration in the solution, which will be analyzed.
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Biosensors for the Detection of Emerging
Marine Toxins

Sandra Leonardo, Laia Reverté, Jorge Diogène and Mònica Campàs

Abstract Emerging marine toxins present in the environment are relevant for food
safety issues. Researchers are currently putting special emphasis on the develop-
ment of biosensors for their detection. Due to their structural complexity and the
difficulty to produce the corresponding biorecognition molecules, the development
of assays and biosensors for their detection has become a challenge. Compared to
traditional detection techniques, biosensors can provide advantages in terms of
sensitivity, specificity, design versatility, portability and multiplexed configura-
tions. This chapter provides a critical overview of the immunosensors,
receptor-based biosensors, cell-based biosensors and aptasensors that have been
developed for the detection of palytoxins (PlTXs), brevetoxins (PbTXs) and
tetrodotoxins (TTXs). Although only few biosensors for these emerging marine
toxins have been described to date, the chapter reflects the promising advances
made in this field.

Keywords Emerging marine toxins � Palytoxins � Brevetoxins � Tetrodotoxins �
Immunosensors � Receptor-based biosensors � Cell-based biosensors � Aptasensors

1 Introduction

Marine toxins are secondary metabolites some of which can be produced by
microalgae of the groups of dinoflagellates and diatoms. The specific role these
toxins may play in the microalgae that produce them is not clear. These toxins often
enter the food webs and may ultimately reach humans through food consumption or
direct exposure to marine water, causing different illnesses.

As some virus, bacteria, fungi and protozoa, some marine toxins, such as sax-
itoxins (STXs) and tetrodotoxins (TTXs), can be considered as potential chemical
warfare agents [1, 2]. Nevertheless, reported poisoning incidents related with
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marine toxins have only been due, to the best of our knowledge, to accidental
ingestion of contaminated seafood or direct exposure to marine water. In a “fictive
world” (movies, books) everything is plausible, including the use of marine toxins
as potential weapons. In the “real world”, STX, which is a potent neurotoxin
produced by several species of marine dinoflagellates (e.g. Alexandrium minutum,
A. catenella, Gymnodynium catenatum), is included in the list of chemical weapons
described by the Organisation for the Prohibition of Chemical Weapons [3].
However, although being extremely potent, marine toxins seem not to be presently
considered as practical weapons, probably due to the difficulty or cost to produce
them in comparison with other chemical weapons. Still, as one may understand, this
analysis may only be speculative since probably very little information would be
available in case these toxins were presently being used as chemical weapons.

Some marine toxins are quite well described according to their structure,
mechanism of action, potency and geographical distribution. This is the case for
Amnesic Shellfish Poisoning (ASP, e.g. domoic acid, DA), Diarrheic Shellfish
Poisoning (DSP, e.g. okadaic acid, OA) and Paralytic Shellfish Poisoning (PSP, e.g.
STX) toxins for which international regulations exist that set up maximum per-
mitted levels in food and define the official methodologies to detect them.

Nonetheless, many marine toxins are presently considered, with a certain degree
of subjectivity, as “emerging” toxins including those recently discovered (e.g.
pinnatoxins), those that may have recently appeared in certain areas (e.g. cigua-
toxins—CTXs recently identified in fish from the Canary Islands), or those that are
not yet regulated because not enough information is available regarding their
toxicity or distribution (e.g. palytoxins—PlTXs, brevetoxins—PbTXs and cyclic
imines—CIs), and those for which regulation exists but additional toxicological
information is required (e.g. azaspiracids, AZAs) [4].

The little information and data available for some emerging marine toxins, their
structural complexity and the scarcity of standards have compromised the devel-
opment of methodologies for their detection. The development of biosensors
requires stable biorecognition molecules such as enzymes, receptors or antibodies
that will unequivocally detect the analyte. In some cases, biorecognition molecules
for marine toxins have not been produced and this limits the number of biosensors
developed. Nevertheless, marine toxins are nowadays awaking interest in the
biosensors world, possibly due to their importance in food safety and environmental
monitoring and this opens new applicability fields for biosensors.

In this chapter, we present a detailed overview of the biosensors that have been
developed for the detection of PlTXs, PbTXs and TTXs. AZAs, CTXs and CIs
(spirolides, gymnodimines, pinnatoxins and pteriatoxins), although also of concern
as reflected in the Scientific Opinions on marine biotoxins in shellfish of the
European Food Safety Authority (EFSA) Panel on Contaminants in the Food Chain
[5–7], have not been included since no biosensors have been reported to date.
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2 Biosensors for Palytoxins

Palytoxin (PlTX)-group toxins are complex polyhydroxylated compounds with
lipophilic and hydrophilic areas (Fig. 1). They have been isolated from marine
zoanthids (soft corals) of the genus Palythoa and are also found in benthic
dinoflagellates of the genus Ostreopsis. PlTX-group toxins have been identified as
the toxins responsible for clupeotoxism, a form of ichthyosarchotoxism caused by
sardines, and are also found in seafood (fish, shellfish, gastropods or echinoderms)
from Japan, Vietnam, Philippines, Malaysia, Singapore, Indonesia, Micronesia,
Australia, New Zealand, Hawaii, Cook Islands, French Polynesia, Brazil, Mexico,
the Caribbean sea, Madagascar, Reunion Island and the Mediterranean sea [4, 8].
Apart from the contamination with PlTX-group toxins of seafood intended for
human consumption, outbreaks of Ostreopsis spp. have been implicated in respi-
ratory, dermatological and ophthalmologic symptoms in coastal human populations
in the Mediterranean [9, 10]. However, the available toxicological information is
limited and the signs and symptoms are not well-defined. Currently there are no
regulations on PlTX-group toxins in shellfish, either in the European Union
(EU) [11] or in other regions of the world. Nevertheless, the National Reference
Laboratories for Marine Biotoxins (NRLMB) have proposed a provisional limit of
250 µg/kg in shellfish [12].

Fig. 1 Palytoxin structure
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2.1 Immunosensors for Palytoxins

The relatively large size of PlTX makes easy the antibody (Ab) production via
animal immunization, thereby simplifying the development of immunoassays and
immunosensors. Optical surface plasmon resonance (SPR) biosensors offer the
capability of Ab characterization and then incorporation of these bioreceptors into
rapid, sensitive assays on the same platform. An SPR biosensor based on a direct
format has been developed for the detection of PlTX [13]. After characterization of
monoclonal antibody (MAb) kinetics and optimisation of the experimental param-
eters, the appropriate performance of the optical immunosensor was demonstrated
by performing standard curves for PlTX in buffer as well as in seafood matrices. The
limits of detection (LODs) obtained were 0.52, 2.8 and 1.4 ng/mL for PlTX in buffer,
grouper and clam samples, respectively, which highlight the need of matrix
matching for accurate determination of toxin concentration.

A substantial matrix effect was also observed in the development of a multiplexed
SPR immunosensor for the detection of PlTX, STX, OA and DA [14]. Regarding
PlTX, the toxin was immobilised onto the chip surface of a flow cell using the
carbodiimide reaction to covalently link the amine group of the PlTX molecule to
activated carboxylic groups of the chip. The low amount of antibody and toxin
available—note that there are no commercial antibodies and that PlTX-group toxins
standards are not always available—did not allow to perform exhaustive optimisa-
tion studies and validate the assay. Nevertheless, the work clearly demonstrated the
applicability of SPR multichannel systems to multiple toxin detection on a single
bioanalytical sensing platform. Additionally, the analysis was fast (it required less
than 1 h to analyse four toxin classes per sample) and simple (a single multi-toxin
extraction procedure was used). Multiplexed and miniaturised devices pave the way
towards the development of compact and automated tools for high-throughput
sample analysis in a fast and expensive way, and additionally facilitate to move
analyses to places away from laboratories, such as harvesting sites.

Regarding electrochemical biosensors, a highly sensitive biosensor for the
detection of PlTX-group toxins based on a sandwich format and electrochemilu-
minescence detection has been described [15] (Fig. 2). The immunosensor

Fig. 2 Scheme of the
electrochemiluminescence
immunosensor for the
detection of palytoxin
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incorporated doubly carboxyl-functionalised multi-walled carbon nanotubes
(MWCNTs), the groups on the sidewalls being used to conjugate capture anti-PlTX
MAb and those on the tips being used to immobilize it on the surface of an optically
transparent electrode coated by an electrochemical polymer layer. The electro-
chemiluminescent detection was performed by labelling the detection anti-PlTX
polyclonal antibody (PAb) with a ruthenium complex. The use of CNTs increased
the amount of immobilised MAb and favoured the electron transfer, providing
specific and sensitive electrochemiluminescent immunosensors with an LOD as low
as 0.07 ng/mL of PlTX. The applicability of the immunosensor was demonstrated by
the analysis of PlTX-spiked mussels and microalgae samples. Low matrix effects
were observed due to the modification of the electrode with CNTs, which minimised
the non-specific adsorption, and the electrochemiluminescent transduction strategy.

2.2 Receptor-Based Biosensor for Palytoxins

Other biosensors for PlTX-group toxins are based on their mechanism of action.
PlTX binds to the Na+/K+-ATPase in the cell membrane, inhibiting its activity and
converting it into a permanently open ion channel [16]. As a consequence, a rapid
sodium influx and potassium efflux from cell is produced, triggering with this a
plethora of secondary effects. An optical SPR biosensor for the detection of PlTX
based on its affinity towards Na+/K+-ATPase has been reported [17]. In this work,
the Na+/K+-ATPase pump was immobilised on the SPR chip via thiol coupling, and
the PlTX binding was afterwards recorded in real time. The developed biosensor
showed a very low LOD (3.73 pg) and it was applied to the analysis of PlTX-group
toxins in Ostreopsis siamensis cultures, which demonstrated the viability of the
approach. It is interesting to mention that a previous work had tried to immobilise
the Na+/K+-ATPase pump on the SPR sensor by amine coupling, but this kind of
immobilisation prevented PlTX-group toxin from binding. Amine coupling is
usually easy and effective because most macromolecules contain many groups that
can participate in the reaction. However, in some cases, these reactive groups can be
located near or on the active site of the macromolecule and the immobilisation
process can result in conformational changes and loss of biological activity, as it
seemed to occur when immobilising the Na+/K+-ATPase pump.

2.3 Cell-Based Electrochemical Assay for Palytoxins

Haemolysis assays for the detection of PlTX-group toxins are also based on the
capacity of the toxins to interact with the Na+/K+-ATPase of erythrocytes and its
conversion into a non-specific cation channel. Ion imbalance in red blood cells
results in their haemolysis. Samples pre-treated with ouabain, a glycoside which
inhibits the Na+/K+-ATPase pump, are used as a control to ensure the specificity of
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the assay towards PlTX; the presence of ouabain will reduce the haemolytic activity
of PlTXs, while it will have no effect on the haemolytic effect of other haemolytic
compounds. Haemolysis is usually detected by spectrophotometry, but it is inter-
esting to describe the work performed by Volpe and co-workers [18]. These authors
combined the haemolysis of sheep erythrocytes by PlTX-group toxins with the
electrochemical measurement of the lactate dehydrogenase (LDH) released in the
culture supernatant after cell disruption. The LDH activity was measured by adding
NADH/pyruvate as enzyme substrates and PMS+. The later reacted with the
remaining NADH to produce PMSH, which reacted with the redox mediator
hexacyanoferrate(III) to produce hexacyanoferrate(II). Oxidation of hexacyanofer-
rate(II) was then performed on the electrode surface of a strip of eight
screen-printed electrodes (SPEs). The LOD depended on the haemolysis time,
being 0.007 and 0.16 ng/mL for 24 and 4 h, respectively. The necessity to use
matrix-standard calibration curves for accurate analysis of PlTX was observed
when applying the electrochemical assay to the analysis of PlTX-spiked samples.

3 Biosensors for Brevetoxins

Brevetoxin (PbTX)-group toxins are lipid-soluble cyclic polyether compounds
(Fig. 3). They are primarily produced by the dinoflagellate Karenia brevis (formerly
Ptychodiscus brevis, Pb giving name to the acronym PbTX) and can accumulate in
shellfish and fish. PbTX-group toxins seem to be limited to the Gulf of Mexico, the
east coast of USA, and the New Zealand Hauraki Gulf region. These toxins cause
neurotoxic shellfish poisoning (NSP), with symptoms such as nausea, vomiting,
diarrhoea, paraesthesia, cramps, bronchoconstriction, paralysis, seizures and coma,
and dermal or inhalation exposure can result in irritant effects. Moreover, they are
potentially carcinogenic. However, the toxicological database for PbTX-group toxins
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is limited. As a consequence, currently there are no regulatory limits for PbTX-group
toxins in shellfish or fish in Europe [19]. Nevertheless, maximum permitted levels
have been established in USA (20 mouse units (MUs)/100 g or 0.8 mg PbTX-2
equivalents/kg fish) [20], New Zealand and Australia (20 MUs/100 g, analogue not
specified) [21, 22]. The discovery of new PbTX-group toxin producing algae and the
apparent trend towards expansion of algal bloom distribution, suggest that
PbTX-group toxins could emerge in Europe and their analysis in shellfish and fish
should be considered. Further information is needed to better characterize the oral
toxicity of PbTX-group toxins and their relative potencies.

3.1 Immunosensors for Brevetoxins

PbTX is a low-molecular weight toxin with very few functional groups available for
cross-linking, and this usually hinders its immobilisation to develop immunosensors.
The first biosensor for PbTX was reported in 1993 [23]. PbTX-3-bovine serum
albumin (PbTX-3-BSA) conjugates were prepared to immobilise the toxin on a
membrane through the lysine moiety of BSA. Free and immobilised PbTX-3 com-
peted for glucose oxidase (GOx)-labelled anti-PbTX-3 Ab. Finally, the H202 pro-
duced by the addition of β-D-glucose was detected amperometrically. Some years
after, Kreuzer and co-workers [24] developed electrochemical immunosensors to
detect different marine toxins (PbTX, OA, DA and TTX). PbTX-3-BSA conjugates
were prepared via carbodiimide reaction to immobilise the toxin on the SPE surface.
Nevertheless, the hydroxyl group of PbTX-3 (the only functional group available) had
to be modified to make the molecule more active for coupling to BSA via carbodi-
imide chemistry. Once the conjugates were immobilised on the electrode surface, a
competition step between immobilised and free toxin in solution for the labelled
primary Ab was performed. Amperometric detection of p-aminophenyl phosphate
produced by the enzyme label, alkaline phosphatase (ALP), was used to measure the
recognition event. Sensitivity problems were observed, which were attributed to the
difficulties in the conjugate synthesis and the low amount of toxin available.

The immobilisation of biomolecules on the electrode is a crucial step in the
development of electrochemical immunosensors. Usually, the sensitivity of
immunosensors can be improved by the control of the amount and orientation of
antigens/Abs immobilised on the electrode, which have to be able to retain their
biological activity. Dendrimers are hyperbranched polymers precisely engineered to
carry molecules encapsulated in their interior void spaces or attached to their sur-
face. A sensitive electrochemical immunosensor for PbTX was developed
exploiting dendrimers as toxin immobilisation nanostructured supports [25]. Au
NPs were simultaneously synthesised and encapsulated into amine-terminated poly
(amidoamine) dendrimers, providing AuNP-PAADS conjugates that were after-
wards absorbed on ester-modified gold electrodes. PbTX-2-BSA conjugates were
then immobilised on the nanostructured surface. Free and immobilised PbTX-2
competed for the horseradish peroxidase (HRP)-labelled anti-PbTX-2 MAb and the
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immunosensor response was measured using o-phenylendiamine and H2O2.
An LOD of 0.01 ng/mL was obtained, which is much lower than the LOD for the
immunosensor without Au NPs or dendrimers (0.5 and 0.1 ng/mL, respectively). As
demonstrated, the use of the 3D-newtwork of AuNP-PDAAs greatly increased the
amount of immobilised PbTX-2-BSA and improved the conductivity of the
immunosensing interface, therefore enhancing the sensitivity of the electrochemical
immunosensor.

Enzyme labels, usually HRP or ALP, are widely used and well-explored in the
development of immunosensors. Nevertheless, these strategies usually require an
enzyme substrate and its bioactivity can decrease when the biomolecules are
exposed to reactive groups and harsh reaction conditions. To tackle this issue, other
electroactive species such as thionine or guanine/adenine nucleobases can be used
as indicators, as well as various nanomaterials, including quantum dots (QDs),
metal nanoparticles and metal ions. Chen’s research group explored the use of
magnetic beads to covalently immobilise anti-PbTX-2 MAb and use them as
immunosensing probes for the capture of PbTX-2 [26] (Fig. 4). The recognition
element was prepared by chemical modification of PbTX-2-BSA conjugates with
guanine-assembled graphene nanoribbons (GGNRs). Guanine was used as label,
since it can be oxidised in the presence of Ru(bpy)2

3+. The catalytic oxidation was
electrochemically detected after the competition step and entrapment of the mag-
netic immunocomplex on a carbon paste electrode by a magnet. The LOD of the
magneto-controlled electrochemical immunoassay was 1 pg/mL of PbTX-2 and its
applicability was demonstrated by the analysis of spiked mussel, clam and cockle
samples, providing similar results than those obtained with a commercial ELISA kit
for PbTX-2 determination. The same research group also explored the use of metal
nanoclusters as labels [27]. In this work, magnetic beads were used to
co-immobilise anti-PbTX-2 and anti-dinophysistoxin-1 (anti-DTX-1) MAbs by

Fig. 4 Scheme of the
magneto-controlled
electrochemical
immunosensor for the
detection of brevetoxin-2
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epoxy-amine reaction. Cadmium nanoclusters (CdNC) and copper nanoclusters
(CuNC) were linked to PbTX-2-BSA and DTX-1-BSA, respectively, and used as
distinguishable signal tags. On the basis of the competitive-type immunoassay
format, the magnetic immunocomplexes were collected onto a magnetic detection
cell and the electrochemical signals were simultaneously recorded at different peak
potentials using square wave anodic stripping voltammetry (SWASV). The multi-
plexed immunosensor was able to discriminate between PbTX-2 and DTX-1 toxins
without any interference. The LODs obtained were 1.8 ng/mL and 2.2 ng/mL for
PbTX-2 and DTX-1, respectively. The method featured unbiased identification of
negative and positive samples, as was demonstrated by the analysis of 12 spiked
mussel, clam and cockle samples containing both marine toxins and the comparison
with the commercial PbTX-2 ELISA kit.

Another enzyme-free electrochemical immunoassay for PbTX-2 has been
recently developed using a mesoporous carbon-enriched palladium nanostructure
(MSC-PdNS) as a label due to its peroxidase mimic activity [28]. In this config-
uration, PbTX-2-BSA was immobilised onto a nanogold-functionalised carbon
electrode through the affinity between cysteine or lysine residue of BSA and gold.
Afterwards, free PbTX-2 present in the sample competed with immobilised
PbTX-2-BSA for the MSC-PdNS-labelled MAb, and the resulting catalytic current
in the presence of H202 and thionine mediator was recorded. The electrochemical
immunosensor showed an LOD of 5 pg/mL and was successfully applied to the
analysis of spiked mussel samples, providing results in good correlation with the
PbTX-2 ELISA kit.

Quartz crystal microbalance (QCM) has also been used for the detection of small
molecules such as PbTX-2 [29]. The QCM sensors measure the resonant frequency
by the standard oscillation technique. The immunosensor is based on the immo-
bilisation of dextran onto the quartz crystal coated with graphene and the following
binding of the capture anti-PbTX-2 MAb to concanavalin A (ConA) via
biotin-streptavidin interaction. The anti-PbTX-2 MAb-ConA immunocomplex is
bound to dextran through the affinity between dextran and ConA. Gold nanopar-
ticles functionalised with glucoamylase and PbTX-2-BSA conjugates compete with
free PbTX-2 for the binding to the immobilised MAb. In the absence of free
PbTX-2, amylopectin is hydrolysed by the glucoamylase to glucose, which dis-
places the anti-PbTX-2 MAb-ConA immunocomplex from the graphene-coated
crystal surface, leading to a large change in the frequency of the immunosensor.
The presence of free PbTX-2 decreased this effect. An LOD as low as 0.6 pg/mL of
PbTX-2 was attained and the applicability of the QCM immunosensor was
demonstrated by the analysis of a large number of spiked mussel, clam and cockle
samples. Results were in good agreement with those obtained by the commercial
ELISA kit.
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3.2 Aptasensor for Brevetoxins

Aptamers are single stranded DNA (ssDNA) or RNA oligonucleotides that were
proposed two decades ago as stable, reproducible and low-cost bioreceptors to
replace antibodies in assays and biosensors. In this regard, an electrochemical
biosensor for the detection of PbTX-2 using aptamers has been developed [30].
After obtaining several aptamers, the aptamer with the highest binding activity was
selected using fluorescence and electrochemical impedance spectroscopy. Then, the
corresponding impedimetric label-free competitive biosensor for PbTX-2 was
developed. The competition was established between PbTX-2 immobilised on the
gold surface and free PbTX-2 in solution in the presence of a fixed amount of
aptamer. PbTX-2 had been covalently linked to the gold surfaced through a cys-
teamine self-assembled monolayer. An LOD of 106 pg/mL was achieved, and a
high degree of cross reactivity of the aptamer towards other PbTX-group toxins was
observed. The applicability of the aptasensor was demonstrated by the detection of
PbTX-2 in spiked shellfish samples, which showed high recovery percentages.

3.3 Phosphodiesterase Inhibition-based Sensor
for Brevetoxins

As previously mentioned, SPR is used either to study interactions or to quantify
relevant molecules. However, SPR systems show low sensitivity to small molecules.
Inhibition detection and sandwich protocols can be implemented in this case to solve
this inconvenient. To this purpose, a SPR-based method for the detection of
ladder-shaped polyether compounds (PbTX-2 among them) has been reported [31].
The ability of these molecules to inhibit the interaction of desulfo-yessotoxin to
phosphodiesterase II was used to design an indirect assay able to detect several toxins.
In the case of PbTX-2, inhibition was achieved in the µM range. However, this assay
was not tested in shellfish matrixes and the data point to a lack of specificity, since
toxins from different groups can be detected, including the marine toxins yessotoxins.

3.4 Cell-based Sensors for Brevetoxins

PbTX-group toxins bind with high affinity to receptor site 5 of the α subunit within
voltage-gated sodium channels (VGSCs) present in cell membranes. Binding of
PbTX to VGSCs leads to channel activation, uncontrolled Na+ influx into the cells
and depolarization phase of action potential in excitable cells, such as cardiomy-
ocytes and neurons. With this in mind, some biosensors based on the use of car-
diomyocytes [32] or neuronal networks [33] for the detection of PbTX-group toxins
have been described. Since STX also binds to VGSCs on a different site of the α
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subunit, both biosensors have been used to detect these two marine toxins. In
contrast to PbTX, STX is a potent and selective inhibitor of VGSCs, which pro-
duces a blockage of action potentials. In both works, the excitable cells have been
cultured on the surface of a microelectrode array (MEA) and the changes in the
electrophysiologic parameters in the presence of the toxins have been recorded. The
cardiomyocyte-based biosensor consisted of a label-free and real-time wireless
8-channel recording system, which dynamically monitor the multi-site electrical
activity of the cardiomyocyte network [32]. This biosensor attained an LOD of
1.55 ng/mL of PbTX-2 within 5 min and it was able to discriminate between STX
and PbTX-2. This biosensor is a clear example that the development of portable and
remote devices with a real-time detection is possible but still incipient. On the other
hand, the work reported by Kulagina and co-workers [33] demonstrated the utility
to use a neuronal network biosensor for the detection of important neurotoxins in
algal samples, with only a minimum sample preparation being required. This
biosensor provided an LOD for PbTX-3 of 0.30 ng/mL in buffer and 0.43 ng/mL in
the presence of 25-fold-diluted seawater. Although the two biosensors described
could be used to classify potential neurotoxins due to their signature effects on
electrophysiological parameters, it is important to note that this generic detection
approach will neither fully identify nor quantify the individual toxins. Nevertheless,
it is a complementary tool to other structure-based assays able to detect biologically
active mixtures and provides an integrative overview.

4 Biosensors for Tetrodotoxins

Tetrodotoxin (TTX)-group toxins are low-molecular-weight compounds consisting
of a guanidinium moiety connected to a highly oxygenated carbon skeleton that
possesses a 2,4-dioxaadamantane portion (Fig. 5). TTX-group toxins are usually
found in puffer fish, and are produced by endo-symbiotic bacteria that naturally
inhabit the gut of the animal. These toxins have also been found in gastropods,
newts crabs, frogs, sea slugs, star fishes, blue-ringed octopuses and ribbon worms.
Previously they were reported only in Japan, but later on they have also been found
in Korea, Taiwan, China, Thailand, Bangladesh, India, Australia, New Zealand,
Hawaii, USA, Madagascar, Norway, Israel, Egypt, Greece and Spain (gastropod
caught in Portugal). TTX is a potent neurotoxin, which acts as a sodium channel
blocker. Some symptoms of poisoning are tingling of the tongue and lips, headache,

Fig. 5 Tetrodotoxin structure
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vomiting, muscle weakness, ataxia and even death [34]. In Japan, the regulatory
limit for TTX in food is 2 mg/kg, while in the USA a zero level has been estab-
lished. No regulation specific for this toxin exists in Europe, although the com-
mercialisation of tetraodontidae is forbidden.

4.1 Immunosensors for Tetrodotoxins

Most of the existing biosensors for the detection of TTX are based on the use of
specific Abs as biorecognition molecules. However, the production of Abs has been
hindered by the small size of this toxin. In regard to this, TTX needs to be con-
jugated to protein carriers to immunize the animals but also to develop the corre-
sponding immunoassays and/or immunosensors.

A few works exploit the use of TTX conjugates in direct competitive
immunoassays for the subsequent transfer to SPEs to develop the corresponding
electrochemical immunosensors [24, 35]. Following the same procedure used to
develop the electrochemical immunosensor for PbTX in Sect. 3.1. [24], TTX has
been conjugated to BSA, and the conjugates have been then immobilised on SPEs
for the subsequent competition step. In the other work, TTX has been conjugated to
the ALP enzyme, the conjugate being used in this case as a tracer [35]. The
approach using the tracer provided an LOD of 1 ng/mL. In the work of Kreuzer and
collaborators [24], the use of TTX-BSA coater together with a primary Ab labelled
with the ALP enzyme, allowed to obtain the lowest LOD ever reported for TTX
(0.016 ng/mL). In this case, it is important to mention that the use of a labelled
primary Ab is an advantage compared to the use of a secondary Ab, since it
improves the performance of the biosensor and decreases the analysis time.

Several optical SPR immunosensors have been reported for TTX. Due to the
small size of TTX, most of them are based on the immobilization of the toxin on gold
SPR chips and the subsequent competition step. In the first works, the immobi-
lization of TTX was performed through mixed self-assembled monolayers (SAMs)
of hydroxy- and amino-terminated oligo-ethylene glycol alkanethiols (OEG-ATs)
[36–39]. While the amino-terminated OEG-ATs were used to covalently link the
TTX to the surface through formaldehyde, hydroxy-OEG-ATs were used as spacer
molecules to avoid cross-linking between amino-OEG-ATs. The use of SAMs
provides an oriented TTX immobilisation and the ethylene glycol molecules min-
imise the non-specific adsorption of proteins onto the surface of the chip. All these
immunosensors attained similar LODs, ranging from 0.3 to 3.4 ng/mL of TTX in
buffer. Recently, Campbell and co-workers [40] have proposed the direct TTX
immobilisation on carboxymethylated chips. Although in this approach TTX is not
oriented as properly as when using SAMs, it simplifies and shortens the experi-
mental protocol, still retaining the performance of the biosensor (LOD ≤ 0.2 ng/mL)
(Fig. 6). The applicability of the SPR immunosensors to the analysis of
naturally-contaminated samples has been demonstrated in several matrixes: puffer
fish [37–39], sea snail [40], human urine [37], milk and apple juice [39].
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Although, as previously mentioned, the detection of small molecules by SPR
usually requires the immobilisation of the antigen, Yakes and co-workers [41] have
proposed the immobilisation of theAbon the chip and the subsequent non-competitive
detection ofTTX.This newconfigurationprovided anLODof0.09ng/mL, even lower
than in the previous SPR immunosensors. This has been possible thanks to the
advances in SPR instrumentation, including higher signal-to-noise ratio, improved
fluidicswith stronger vacuumpumps and higher number of antibody sites on the chips,
advantages that could benefit the detection of other small analytes.

4.2 Aptasensor for Tetrodotoxins

An electrochemical aptasensor for the detection of TTX has been recently proposed
[42]. In this work, glassy carbon electrodes were modified with poly
(4-styrenesolfonic acid)-doped polyaniline films (PSSA/PANI) by electropoly-
merisation. Afterwards, an amino-terminated aptamer against TTX was covalently
immobilised on the PANI/PSSA films via glutaraldehyde cross-linking. The
detection of TTX was assessed by electrochemical impedance according to the
charge transfer resistance of the PSSA/PANI film, providing an LOD of
0.199 ng/mL. This low LOD was attained thanks to the ordered monolayer of
conductive PANI/PSSA films which improved the electron transfer.

4.3 Cell-based Sensors for Tetrodotoxins

Apart from the antibody-based methods, cell-based biosensors also deserve to be
mentioned since they provide realistic models mimicking the original tissue,
information which is usually complementary to that obtained from immunosensors.

reflected lightpolarised light

dextrans

anti-TTX MAb

TTX

gold SPR chip

SPR angle

Fig. 6 Scheme of the optical
SPR immunosensor for the
detection of tetrodotoxin
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These cell-based methods are based on the mechanism of action of TTX, which is
able to selectively inhibit sodium channels, blocking both nerve and muscular
action potentials. Following this principle, some biosensors have been reported
[43–46]. In the simplest approach, Cheun and co-workers [43] developed a
biosensor consisting of a sodium electrode covered with frog bladder membrane
integrated within a flow cell. TTX concentration was measured from the inhibition
ratio of the sensor peak output by patch clam recording, the lowest amount detected
being 86 fg. The application of this biosensor to the analysis of puffer fish was
successfully achieved and results were in agreement with those obtained by MBA.

Aiming at the development of compact and multiplexed devices, portable
microelectrode arrays incorporating cultured neuronal networks for the detection of
TTX have been reported [44, 45]. In these works, spinal cord cells cultured on gold
electrodes were exposed to TTX and extracellular potentials from these cells were
recorded, providing an IC50 of 0.95 ng/mL of TTX. Following the same
biorecognition principle but a different measurement technique, a cardiomyocyte-
based impedance biosensor has been recently developed for both TTX and STX,
because of their common mechanism of action [46]. In this case, cardiomyocyte
cells growth and beating status after TTX treatment were measured on 96-well gold
electrodes plates by impedance recording. Although the LOD is higher than in other
methods described for the detection of TTX (89 ng/mL vs 0.087 ng/mL for TTX
and STX, respectively), this novel real-time and label-free impedimetric biosensor
platform is versatile and could be applied to the detection of other neurotoxic
molecules.

5 Conclusions and Perspectives

In the past years, a few biosensors for the detection of PlTXs, PbTXs and TTXs
have been described. Most of them are immunosensors, but some cell-based sen-
sors, a receptor-based biosensor for PlTX, and even aptasensors for PbTXs and
TTXs and an inhibition-based sensor for PbTXs have also been recently reported,
showing a breakthrough in the development of biosensors for the detection of
emerging marine toxins. This is not the case for other emerging toxins such
as AZAs, CTXs and CIs, for which no biosensors have been described yet.
Nevertheless, given the numerous possibilities in the development of biosensors
(e.g. different transduction strategies, biorecognition molecules and configurations)
and the multiple advantages they offer (e.g. simplicity, rapidity, low-cost, sensi-
tivity, multiple toxin detection and portability), it is safe to say that the future of
biosensors for the detection of most marine toxins is assured.

In the field of immunosensors for the detection of emerging marine toxins, it is
important to keep in mind the difficulty in some cases to obtain the recognition
antibodies, since they are not always commercially available and they can be dif-
ficult to produce due to the small size of some marine toxins. It is important to
mention that the interaction of toxins with antibodies is based on a structural
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recognition, thus not necessarily related to their toxicity. However, antibodies are
robust biorecognition molecules, with high affinity and sensitivity towards their
analytes, sometimes being able to detect different analogues of the same group of
toxins. Additionally, their easy handling and manipulation allow their integration
into different assay formats, offering a wide range of possibilities and configurations
using several detection methods.

Aptasensors have been proposed to avoid some of the drawbacks associated with
the development of immunosensors, such as the complicated in vivo production of
antibodies. Aptasensors for PbTX and TTX have been described, demonstrating
that the aptamer-based detection methods are promising. Nonetheless, it is neces-
sary to note that the development of aptamers still require the use of toxin stan-
dards, which are not always available.

Receptor-based and cell-based biosensors provide a signal related with the
toxicity of the toxins. In that sense, these biosensors have the advantage to better
reflect the toxic effects that these toxins may cause to in vivo models, contrarily to
structural-based sensors. However, these approaches do not allow identifying or
discriminating compounds different from the target toxins but that share the same
mechanism of action. Moreover, cell-based biosensors imply the use of “live”
material, a factor that may increase variability in the response.

Biosensors can be considered as effective screening tools to be used in combi-
nation with confirmatory instrumental analysis methods to achieve highly specific,
sensitive and fast routine monitoring of emerging marine toxins. Research on
biosensor development for marine toxins should be focused on elucidating or better
describing the mechanisms of action of emerging marine toxins, producing
biorecognition molecules, and validating the biosensing systems with
naturally-contaminated samples in order to promote their implementation. To really
foster the use of biosensors in food safety and environmental monitoring, compact
analysis devices, sensitive, robust, reliable and easy to handle even by non-trained
personal are desired. The use of biosensors to detect and quantify emerging marine
toxins is being achieved, but the implementation of such devices in daily life still
requires a lot of effort. Nevertheless, progress in this area is very fast and, provided
the scientific community will focus not only on the development of the bioana-
lytical systems but also on their validation, biosensors for emerging marine toxins
could soon be implemented in routine analysis.
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Aptasensor Technologies Developed
for Detection of Toxins

Ece Eksin, Gulsah Congur and Arzum Erdem

Abstract Aptamers are defined as new generation of nucleic acids which has
recently presented the promising spesifications over to antibodies. They can be
produced in vitro by Systematic Evolution of Ligands by EXponential Enrichment
(SELEX), and have the ability to recognize selectively and sensitively their targets;
protein, toxin, drug or cell targets. Thus, they have a wide range of applications in
different areas, such as, drug delivery, imaging and biosensing. Accordingly, an
increasing number of studies related to aptamer based sensors “aptasensors” have
been introduced in the literature. The recent studies on development of aptasensor
technologies, which were applied for toxin detection, have been overviewed herein.

Keywords Aptamer � Aptasensors � Toxins � Optical aptasensors �
Electrochemical aptasensors

1 Introduction

The rapid detection and monitoring of toxins in clinical fluids, environmental
samples and foods require new approaches in order to expedite appropriate
detection systems. Many toxins are secreted by bacteria during the course of
infection and can be detected in low ng mL−1 quantities in urine or blood samples.
Toxins in environmental samples can be introduced by industrial, agricultural, or
military activity. Toxic compounds may also be found in environmental samples as
a result of terrorist activity. Of particular concern for homeland defense are toxins
that can be used as weapons; these include ricin, botulinum toxins, staphylococcal
enterotoxin B (SEB), trichothecene mycotoxins, and saxitoxin [1]. Toxins also
occur naturally in the food supplies. Mycotoxin contamination is a particular
problem due to fungal infection of grains and peanuts and can still be present after
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food processing [2, 3]. While many cases of foodborne illnesses are caused by
bacteria (e.g., salmonellosis, campylobacteriosis), a large number of illnesses are
also caused by bacterial toxins, that have been secreted into the foodstuff during
growth (e.g., Staphylococcus aureus enterotoxins, botulinum toxins) [4]. They also
cause death in longterm. Due to their vital side effects, the advanced and faster
detection protocols for toxins with better sensitivity and specifity has become an
emerging necessity.

Aptamers are a class of new generation nucleic acids, which can recognize the
target molecules specifically. Since their discovery in 1990 by Tuerk and Gold [5]
they could be synthesized as single stranded DNA or RNA oligonucleotides using
Systematic Evolution of Ligands by EXponential Enrichment (SELEX) method,
which mimics the natural selection [5, 6] SELEX comprises tree fundamental steps;
(i) the creation of a nucleic acid pool and the incubation with the target molecule,
(ii) the generation of the specific bounds and separation of nonspecific bounds and
finally (iii) the amplification of the bound molecules. Due to SELEX providing the
design of the aptamer molecules, which have strong affinity to their targets, apta-
mers can be utilized to recognize a variety of (bio)molecules such as toxins [7]
proteins [8–33] drugs [34–35] and even whole cells [36, 37]. Therefore, they have a
great potential to apply for development of analysis systems toxins in the field of
food [7, 34, 35, 38] medicine [8, 39]and environment [40, 41].

Biosensors are analytical devices, that are aimed to detect the analytes sensi-
tively and selectively. Their structure allows to occur a specific response in the
presence of the biological recognition element and the target molecule [10, 15, 18,
29–31]. Then, the response is converted into an electrical signal via a transducer.
There are different types of transducers designed by using quartz cyrstral micro-
scopy (QCM), surface plasmon resonance (SPR), optical or electrochemical tech-
niques. Aptamers can be succesfully manipulated to develop biosensor systems and
their combination is called as “aptasensors”. Aptamers are assessed in a wide range
of biosensor designs due to their specifity against to analytes. Moreover, they
promote the development more stable and robust platforms in comparison to
antibodies which is a result of SELEX method. Consequently, there are many
reports emphasizing the development of biosensors in combination with aptamer
technology for detection of toxins [7, 42–62].

The recent studies on different aptasensor technologies, which were applied for
detection of numerous toxins have been overviewed herein, and an aptasensor
technology was simply represented in Scheme 1.

1.1 Electrochemical Aptasensors for Detection of Toxins

Toxins are small molecules produced from living organisms such as bacteria and
fungus and have extremely serious effects on human health within very short time
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[42, 63, 64]. Their importance is about medical diagnosis, environmental moni-
toring, and food safety surveillance [42, 44, 63, 64]. Thus, monitoring of toxins via
fast, reliable, sensitive and selective detection platforms has been gained attraction
by researchers. In the meantime, aptamers were introduced in the field of devel-
opment of biosensing platforms. One of them is electrochemical aptasensor tech-
nologies. Some approaches in the field of electrochemical aptasensors have been
progressed for detection of toxins and given in Table 1 [35, 42–50, 64–70].

Ochratoxins are well-known by-products of numerous fungal species, which can
contaminate not only foods, but also beverages including, coffee, beer, and wine.
They are mainly produced in the Aspergillus and Penicillium genera [71]. Due to
the fact that ochratoxin A (OTA) is known as the most toxic and has hepatotoxic,
nephrotoxic, teratogenic and mutagenic effects onto a wide range of mammalian
species [71–73], there are many electrochemical aptasensor applications in the
literature to detect OTA [35, 65–67]. Zhang et al. [66] developed an electro-
chemical aptasensor by using gold electrode. They immobilized single stranded
thiolated DNA aptamer labelled with biotin group onto the surface of gold elec-
trode. The interaction of OTA and its DNA aptamer was then performed at the
electrode surface and the interaction was determined in the presence of the resis-
tance against TaqaI enzyme occurred after interaction process. Then, the enzymatic
reaction between streptavidin-HRP and 3,3ʹ,5,5ʹ-tetramethylbenzidine sulfate
(TMB) was monitored by using chronoamperometry technique.

Scheme 1 A representative aptasensor technologies developed for detection of numerous toxins
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In the study reported by Rhouati et al. [35], a fully automated flow electro-
chemical aptasensor based on the magnetic beads (MBs) was introduced and
accordingly, direct and indirect competitive electrochemical assays were developed
to monitor OTA. For fabrication of this direct assay, carboxylated aptamer modified
MBs were immobilized onto the surface of screen printed carbon electrode (SPCE)
placed in a flow cell. After the immobilization of avidin-ALP onto the surface of the
electrode, the enzymatic reaction in the presence of 1-naphthyl phosphate was
occurred and the oxidation of the electro-active product 1-naphtol phosphate to
1-iminoquinone was detected by using amperometry. For fabrication of indirect
assay, OTA modified MBs were immobilized onto the surface of SPCE. The free
OTA molecules and the immobilized OTA molecules were competed in the solu-
tion for binding of biotinylated DNA aptamer. The avidin-ALP was then conju-
gated and the enzymatic reaction was utilized. A lower limit of detection

Table 1 Some electrochemical aptasensors developed for detection of toxins

Type of
toxin

Electrode Method Detection limit (DL) Reference

ATX AuE CV, EIS 0.5 nM [42]

BoNTA,
RTA

AuE SWV 0.4 ± 0.2 nM for BoNTA and
0.7 ± 0.5 nM for RTA

[43]

BoNTA 16-unit gold
array

Amperometry 40 pg/mL [44]

rGO/AuE CV, DPV, EIS 8.6 pg/mL [64]

AuE CV, EIS Not reported [45]

AFB1 Dendrimer
modified AuE

CV, EIS 0.40 ± 0.03 nM [46]

AFB1 GCE EIS 0.05 nM [47]

AFM1 SPE EIS 1.15 ng/L [48]

IDA CV, SWV 1.98 ng/L [49]

VerA AuE DPV 10 pg/mL [50]

OTA SPE Amperometry 0.05 µg/L [35]

GCE CV 0.03 ng/mL [65]

GCE Chronoculometry 0.4 pg/mL [66]

AuE CV, DPV, EIS 0.75 pM [67]

TOA SPE CV 1 nM [68]

BTX-2 Au electrode CV, EIS 106 pg/mL [69]

FB-1 GCE EIS 2 pM [70]

Abbreviations Toxins: OTA Ochratoxin A, AFB1 Aflatoxin B1, AFM1 Aflatoxin M1, BoNTA
Botulinum neurotoxin, BTX-2 Brevetoxin-2, FB-1 Fumonisin B1, SEB staphylococcal enterotoxin
B, TOA toxin A, RTA Ricin chain A, VerA Versicolorin A, ZEN: Type of electrodes: AuE Gold
electrode, rGO/AuE reduced graphene oxide modified gold electrode, GCE Glassy carbon
electrode, SPE Screen printed carbon electrode, IDA interdigitated electrode array. Detection
methods: CV Cyclic voltammetry, SWV square wave voltammetry, DPV differential pulse
voltammetry, EIS electrochemical impedance spectroscopy
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(0.05 µg/L) was obtained with the indirect flow-based aptasensor both of the
electrochemical assays were tested in the presence of buffer, or beer samples.

Aflatoxins are known to be carcinogen and highly toxic secondary metabolites
produced by Aspergillus flavus and Aspergillus parasiticus [46–48]. FDA limited
the level of aflatoxins in nuts, seed and legumes. The monitoring and the detection
of aflatoxin at low levels has become attractive in the food safety area. Therefore,
some studies were reported for development of electrochemical aptasensors for
detection of aflatoxins [46–49]. Nguyen et al. [49] fabricated an electrochemical
aptasensor platform for monitoring of AFM1. They used Fe3O4 incorporated
polyaniline (Fe3O4/PANI) film modified interdigitated electrode (IDE) as electro-
chemical aptasensor platform. They found the detection limit as 1.98 ng/L. In
another study, an impedimetric aptasensor onto SPE surface was developed and
used for detection of AFM1 [48]. The detection of AFM1 was achieved based on
the changes at the charge transfer resistance (Rct) even in milk samples.

Fumonisin B1 (FB-1) is primarily produced by Fusarium moniliforme and the
most abundant and important fumonisin [74]. It has been found in maize, maize
products animal feeds [75]. FB1 threats both animal and human health [76, 77]. An
impedimetric aptasensor was developed by Chen and coworkers [70] for recogni-
tion of FB-1. GCE surface was modified gold nanoparticles (AuNP) and the
interaction of DNA aptamer and FB-1 was investigated based on the changes at the
Rct value. The selectivity of the aptasensor was then tested against other toxins.

1.2 Optical Aptasensors for Detection of Toxins

Aptamers have been used as bio-probes in optical sensors based primarily on the
incorporation of a fluorophore or a nanoparticle. In the case of fluorescence
detection, the simplest format is to label the aptamers with both a quencher and a
fluorophore. Additionally, many nano-materials, including QDs, AuNPs, CNTs,
graphene oxide (GO), polymer nanobelts, and coordination polymers, have been
investigated for their fluorescence-quenching effect instead of using a more tradi-
tionally quencher [78–84]. Some optical aptasensors developed for detection of
toxins were summarized in Table 2.

AuNPs or several polymers that cause color changes, can be applied as novel
reagents for the optical detection technique called colorimetry. The highly
negatively-charged ssDNA (complementary strand of the aptamer), which is sep-
arated from the aptamer by interaction between the aptamer and the target, is
stabilized against aggregation, and a color change occurs in conjunction with this
phenomenon [85].

The light chain of BoNT/A (LCA) was utilized as target molecules in SELEX
process. Overall, Chang et al. [86] identified three RNA aptamer species which
have high binding affinity, specificity and strong inhibition activity. They showed
that the endopeptidase activity was effectively inhibited by docking of aptamer to
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BoNT/A (LCA). Their study was the first to confirm that the aptamers for the light
chain BoNT/A (LCA) could be used as therapeutic reagents against the deadly
botulism [86].

1.3 Other Techniques Developed for Detection of Toxins
Using Aptamer Technologies

There are some reports in the literature which can be classified as aptasensors.
Nanogold modified piezoresistive microcantilevers (PZR) were used for monitoring
of Staphylococcus enterotoxin B (SEB) which is small monomeric protein and a
pathogen with high thermal and proteolytic stability [87]. PZR sensor surface was
modified with DNA aptamer, then the interaction of SEB and its DNA aptamer was
investigated even in milk samples.

Ricin is a plant lectin from the castor bean plant Ricin communis [51]. It consists
of two chains, an A chain and B chain linked by a single disulfide bond and the A
chain is toxic to cells [52]. Its production is relatively easy and it is a potential threat
as a terrorist weapon. Capillary electrophoresis based aptasensor was reported by
Haes et al. [52] for monitoring of ricin A chain. The interaction of ricin and DNA
aptamer was performed in capillary surface. Detection of ricin could be achieved in
nuclease-contaminated sample matrixes. In another study, atomic force microscopy
(AFM) based aptasensor was developed for monitoring of ricin [53]. DNA aptamer
and ricin interaction was performed at the surface of Au(111) and ricin binding sites
to aptamer was predicted.

Table 2 Some optical aptasensors developed for detection of toxins

Type of toxin Type of substrate Method Detection limit (DL) Reference

OTA Au chip SPR 0.005 ng/mL [54]

LPS AuE SPR – [55]

OTA – Fluorescence 21.8 nM [56]

OTA
FB-1

– Fluorescence 0.02 ng/mL
0.01 ng/mL

[57]

Abrin – Luminescence 1 mM [58]

BoNT – Spectroflorimetry 1 ng/mL [59]

AFB1 – Chemilumiescence 0.11 ng/mL [7]

Ricin SERS substrate SERS 10 ng/mL [60]

Ricin SERS substrate SERS 25 ng/mL [61]

Ricin B Silicon substrate SERS 0.32 fM [62]

Abbreviations Toxins: OTA Ochratoxin A, AFB1 Aflatoxin B1, BoNT Botulinum neurotoxin,
FB-1 Fumonisin B1, LPS Lipopolysaccharide. Electrodes: AuE Gold electrode. Method: SPR
Surface plasmon resonance, SERS surface-enhanced Raman scattering
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2 Conclusion

Aptamers have been utilized in biosensor area since their discovery by Tuerk and
Gold [5] due to their stability against physical conditions such as ionic strength,
temperature and pH and production cost. They have been alternative biorecognition
elements for antibodies even their discovery is relatively new [88, 89]. Aptamers
synthesized and isolated by SELEX procedure can spesifically recognize their
targets even in complex matrix due to characteristic structure generated during
SELEX procedure. They have been used for recognition of proteins [21, 29, 30, 32,
33, 63, 90–92], drugs [93–95] and also toxins [7, 42–62, 64, 96, 97] in combination
with different detection techniques such as optic, colorimetric, electrochemical, or
piezoelectric techniques. Aptasensors developed for toxin analysis have offered the
advanced assays for sensitive, selective, fast, reliable and cost-effective monitoring
of numerous toxins as well as their application into the real samples such as food
matrices, or biological fluids.

In another aspect, aptasensors can be miniaturized and adaptable for chip
technologies for development of aptasensors based on point of care systems which
are portable, compatible and having an easy-to-use design. Thus, their application
to the environmental or food samples such as water, milk, nuts etc. could be
performed and toxins could be sensitively and selectively analyzed with on-line
measurements via aptamer based chip technologies in a short time.
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Electrochemical and Acoustic Biosensors
Based on DNA Aptamers for Detection
Mycotoxins

Tibor Hianik

Abstract Mycotoxins such as ochratoxin A and aflatoxins are dangerous food
contaminants that usually occur in trace amounts from nanograms to micrograms
per gram of food. Therefore high sensitive methods are necessary for their detec-
tion. The conventional methods such are high-performance liquid chromatography
(HPLC), mass spectroscopy are rather expensive and time consuming, therefore
biosensor technology is rather promising for rapid detection of toxicants in field
conditions, far from specialized laboratories. Among biosensors those based on
monoclonal antibodies and DNA/RNA aptamers are of special interest, because
provide sensitivity of detection that is better than allowable quantities of toxicants
in food. While antibodies are traditional receptors in biosensors, aptamers are novel
biopolymers with the affinity comparable to that of antibodies. However in contrast
with antibodies, aptamers are more stable and the biosensors based on aptamers can
be regenerated which allowing their multiple use. This contribution reviews recent
achievements in development aptamer based biosensors for detection selected
mycotoxins by electrochemical and acoustic methods.
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1 Introduction

The natural toxins, such are mycotoxins, abrin, ricin, saxitoxin, palytoxin, batra-
chotoxin, botulinum neurotoxin type A and mycrocystin–RC represent considerable
hazard for health and could be considered as potential warfare agents [72]. Together
with mycotoxins, secondary metabolites of some fungi as well as foodborne
pathogenscause an important public health problem in the world [26, 49, 59, 61, 87,
91, 119].
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The urgency of overall control of these factors is caused by large scale of the
agriculture production and complications related to a big number of agricultural
manufacturers, many of whose cannot afford adequate measures preventing bio-
logical and chemical contamination due to low production culture and lack of
financial resources. The variety of conditions of cultivation and harvesting as well as
long storage and transportation of raw materials and foodstuffs do not promote
sufficient food safety. The globalization of world economics resulted in huge traffic
flows, which create favorable conditions for fast dissemination of the contaminated
products around the world so that the potential source of mycotoxins can be very far
from incidents with consumers poisoning [90]. This increases the necessity of
portable measurement techniques devoted to the detection of potential hazards out of
well-equipped laboratories. The conventional methods such are high-performance
liquid chromatography (HPLC), mass spectroscopy are rather expensive and time
consuming, therefore biosensor technology is rather promising for rapid detection of
toxicants in field conditions. Among biosensors those based on monoclonal anti-
bodies and DNA/RNA aptamers are of special interest, because provide sensitivity
of detection that is better than allowable quantities of toxicants in food. While
antibodies are traditional receptors in biosensors, aptamers are novel biopolymers
with the affinity comparable to that of antibodies. However in contrast with anti-
bodies, aptamers are more stable and the biosensors based on DNA aptamers can be
regenerated which allowing their multiple use.

Depending on the assembly, price and function, biosensors can solve many
analytical tasks starting from signal on/off systems for early detection of toxins and
to quantitative analysis of individual contaminants and their main metabolites in
complex matrices. Their development and further progress of analytical equipment
are mainly directed to increasing sensitivity of detection and improved selectivity of
the response. Besides, usability and extended field of application should be taken
into account. This contribution reviews recent achievements in development apta-
mer based electrochemical and acoustic biosensors for detection mycotoxins and
contains also results obtained in author’s laboratory.

2 Mycotoxins

Mycotoxins are a group of secondary metabolites of fungi that exert toxic effect on
vertebrates and other living beings. Among many other toxic compounds, most
important mycotoxins belong to Aspergillus, Fusarium, and Penicillium
spp. Chemical structures of selected mycotoxins are depicted in Fig. 1 [24].

From toxicological and legislative point of view, aflatoxins, ochratoxins, some
trichothecene toxins (fumonisins, deoxynivalenol, T-2, HT-2), zearalenone, patulin
and citrinin are most important. Mycotoxicoses arise if environmental, social and
economic conditions combine with humidity and increased temperature, which
promote the growth of molds.
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Mycotoxins affect a broad range of agricultural products including cereals,
cereal-based foods, dried fruits, wine, milk, coffee beans, cocoa bakery and meat
products [93]. High performance liquid chromatography (HPLC) with fluorescence
or mass detectors are mainly recommended for use in accredited laboratories.
Analytical methods of mycotoxins determination were the subject of several recent
reviews [12, 45, 120].

Ochratoxin A (OTA) is secondary metabolite produced mainly by Aspergillus
ochraceus and Penicillium verrucosum sp. OTA formation occurs mainly after
harvesting on insufficiently dried cereal and cereal products. It can be found in
maize, barley, wheat, oats, rye, hay and mixed feed. Exposure to OTA contami-
nated feed reduces animal growth rates and affects animal production, especially
that of pigs and poultry. OTA occurrence in human food commodities of vegetal
and animal origin can result in nephropathy, renal diseases and increased frequency
of tumor incidents [16]. World Health Organization proposed maximal permissible
OTA content of 5 μg/kg in cereals and 3 μg/kg in cereal products. Maximal
admissible levels established in EU for feed commodities vary from 50 to
250 μg/kg for cereals and feedstuffs for pigs and poultry[24].

Aflatoxins occur in nuts, cereals and rice. Two major Aspergillus sp. producing
aflatoxins are A. flavus (only B aflatoxins) and A. parasiticus (B and G aflatoxins).
Aflatoxins B1 and B2 are converted in metabolic oxidative activation to aflatoxins

Fig. 1 Chemical structures of most important mycotoxins
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M1 and M2, respectively. They are less toxic than primary aflatoxins but quite
stable in conditions of milk pasteurization, storage and preparation of various dairy
products. Aflatoxicol is a reductive metabolite of aflatoxin B1. Aflatoxins are
acutely toxic, immunosuppressive, mutagenic, teratogenic and carcinogenic com-
pounds. The main target organ for toxicity and carcinogenicity is the liver (first
hazard class in accordance with the classification of the International Agency for
Research on Cancer) [17]. Indeed, aflatoxin B1 is metabolically activated in living
beings by cytochrome P450 monooxygenase to epoxide, a carcinogenic and
mutagenic product. The maximum permitted amount of aflatoxins established by
European Community legislation is 4 μg/kg (2 μg/kg of aflatoxin B1) in ground-
nuts, nuts, dried fruits and processed products for direct human consumption and up
to 15 μg/kg (8 μg/kg of aflatoxin B1) for those underwent physical processing prior
to consumption. US FDA action levels are equal to 20 μg/kg of aflatoxins in all
foods. The appropriate permissible levels for aflatoxin residues in feed are much
milder. Thus, EU limits aflatoxin B1 content in complementary feeding stuffs for
cattle, sheep and goats with 50 μg/kg and US FDA that in maize and peanut
products intended for finishing beef cattle with 300 μg/kg [120].

Trichothecene mycotoxins form a chemically diverse group of compounds
mainly produced by Fusarium spp. and affected animals and human through con-
taminated grains (wheat, oats, barley, maize and rice) [4]. Trichothecenes are cat-
egorized as non-macrocyclic and macrocyclic compounds. In accordance with the
structure and producing organisms, four groups of trichothecene mycotoxins are
selected. The type A includes T-2 toxin, HT-2 toxin, neosolaniol and diace-
toxyscirpenol. Deoxynivalenol, nivalenol, 3-acetyldeoxynivalenol and fusarenone
belong to type B. Type C representatives contain second epoxide group (crotocin
and baccharin) and those of type D macrocyclic ring system with two ester linkages
(satratoxin G, H, roridin A and verrucarin A) [63].

Trichothecenes are commonly found on cereals grown in the temperate regions
of Europe, America and Asia (wheat, rye, barley, oats and corn) [113]. Clinical
signs of trichothecene infection in animals include feed refusal and vomiting,
growth retardation, reproductive disorders, blood disorders, dermatitis and
depression of the immune response. As in previous case, pigs and poultry are most
sensitive toward trichothecene mycotoxins while ruminants are able to metabolize
trichothecenes into less toxic metabolites [85]. Contamination with trichothecenes
causes a number of illnesses in human such as anorexia, depression, inhibition on
immune system function and haematoxicity.

Zearalenone is a non-steroidal estrogenic mycotoxin produced by Fusarium spp.,
which occurs in the form of four hydroxyl derivatives. Contrary to non-estrogenic
trichothecenes, zaeralenone and some of its metabolites competitively bind to estro-
gen receptors [107]. Zearalenone is a stable compound during storage, milling and
cooking of food. It is associated with reproductive problems in specific animals and
possibly in humans. In 1993, it was evaluated by the InternationalAgency or Research
on Cancer and allocated together with other Fusarium toxins in group 3 (not classi-
fiable as to their carcinogenicity to humans). The scientific committee on food of the
European Commission on Health and Consumer Protection arrived at a temporary

264 T. Hianik



tolerable daily intake for zearalenone of 0.2 μg/kg of body weight, while the joint
FAO/WHO Expert Committee on Food Additives recommended a provisional
maximum tolerable daily intake of 0.5 ug/kg [66].

3 DNA/RNA Aptamers

Aptamers are single strandedDNA or RNAmolecules with high specificity to various
ligands that is comparable and in certain cases even higher than those of antibodies. In
contrast to antibodies, aptamers are prepared by in vitro selection procedure devel-
oped simultaneously in early 1990s by L. Gold and A. Ellington laboratories [43].
Advantage of aptasensors in comparisonwith those based on antibodies consists in the
possibility to develop aptamers with high specificity to large variety of compounds by
means of chemical synthesis without using experimental animals. Aptamers can be
developed even against toxins or lowmolecular weight compounds. Aptamers can be
selective to different parts of target molecule. Once the aptamers sequence is identi-
fied, this can be synthesized with high purity, reproducibility and relatively low cost,
Aptamers can be easily chemically modified by various chemical tags including
fluorescence probes, quenchers, electrochemical indicators, nanoparticles or
enzymes. This modification allows immobilization of aptamers to various solid
supports, which provide their high stability, including stability of RNA against
endonucleases, and to utilize various methods of detection. Therefore, aptamers can
be advantageously used in the development of affinity biosensors. In contrast with
antibodies, which at certain conditions can be irreversibly denaturated,
aptamers-based biosensors can be regenerated without loss of integrity and selectivity
[58]. Aptamers are also highly perspective for therapy. On December 2004 the anti-
vascular endothelial growth factor aptamers—Macugen—was approved by US
authorities for the treatment of age related macular degeneration [27].

The method of selection of aptamers was discovered independently by three
groups of investigators. Robertson and Joyce [84] described the method of selection
of RNA with improved enzymatic activity to cleave DNA. Tuerk and Gold [101]
patented the process of selection of DNA ligands as a target for T4 RNA poly-
merase. This method is known as SELEX (systematic evolution of ligands by
exponential enrichment). Ellington and Szostak [19] reported method of in vitro
selection of RNA that specifically binds organic dyes. In this paper also the term
“aptamer” was introduced (from the Latin aptus, meaning “to fit” and Greek meros,
meaning “the part”). The identification of aptamers is based on a combinatorial
approach. Specific oligonucleotides are isolated from complex libraries of synthetic
nucleic acids. For this purpose, random sequence DNA libraries are obtained by
automated DNA synthesis. The size of a randomized region can vary from 30 to 60
nucleotides, flanked on both sides with a specific unique DNA sequence for
polymerase chain reaction (PCR) amplification. The theoretical diversity of indi-
vidual oligonucleotides in these random DNA libraries is rather large. For example,
in the case of oligonucleotides composed of 40 bases, it is 440 = 1.2×1024.

Electrochemical and Acoustic Biosensors Based on DNA … 265



In practice, however, a considerably smaller library of approximately 1013–1015

molecules is used [40]. The selection consists of DNA binding with immobilized
ligands, such as proteins or low molecular compounds. The stability of complexes
is characterized by apparent dissociation constant, KD. For aptamer–protein com-
plexes, KD vary within the 1–100 nM range, which is similar to antibody–antigen
complexes. Unbound DNA/RNA molecules are eluted from the column, while
bound aptamers are isolated from the complex and then amplified by PCR. This
cycle is repeated several times (6–10) and as a result the DNA or RNA sequence of
a high affinity to target ligand is obtained. The SELEX technique is discussed in
detail in a number of papers and reviews [96].

Although the first SELEX-related patent was filed in 1989, the potential of
aptamer-based biosensors has not been fully realized due to the problems with
aptamer stability during immobilization and signal transduction. Several problems
related to the practical application of aptamers are still under study, for example
how the immobilization of aptamers to the supported films and their microenvi-
ronment will affect the aptamer structure and aptamer–ligand interactions. Problems
are connected with the application of aptamers in the complex biological systems,
where interferences with other molecules could take place. In the past, mostly radio
labeled aptamers were used for quantification of protein kinase [14] or in vivo
detection of clots [18]. However, to be widely employed in clinical practice or in
food industry, aptamers must be detected via a non-radioisotope method with
a comparable sensitivity. For example aptamers can be covalently linked to an
enzyme [69], or fluorescently labeled aptamers can be exploited [62]. Moreover, the
most reliable and cost-effective way would be exploitation of the direct physical
methods that do not require labeling of aptamers by additional chemical ligands.
This highly promising direction is currently of considerable focus. It is also highly
advantageous to explore the possibility of immobilization of aptamers onto novel
nanomaterials such as carbon nanotubes [39], dendrimers [65], graphene [47],
polymer films with nano-sized pores [44] or using nanoparticles [75] and quantum
dots [32] in detection of the ligand–aptamer interactions.

Aptamers are rather flexible. Using simple molecular engineering methods it is
possible to substantially improve their binding properties and to design aptamers
that transduce the recognition event into a readily detectable electronic signal
through binding-induced conformational changes. Biosensors based on DNA or
RNA aptamers (aptasensors) represent new type of the sensor that utilize unique
properties of artificial receptor—aptamers. Aptasensors are of considerable interest
due to their application in detection practically unlimited kind of compounds [35].
Aptamers poses also high potential in medical therapy and food control.

3.1 Structure of the Aptamers

Currently, the SELEX is a highly automatized procedure and only few days are
necessary for development of aptamers for certain ligands. This is much shorter in
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comparison with the selection of antibodies, where usually several months are
required. Due to effectivity of the SELEX, the library of aptamers against various
ligands has becomewider. On the other hand, the primary procedure does not result in
all cases in aptamers with desired affinity. Therefore, optimization of aptamer struc-
ture is required. This optimization is performed through biased library generation [40]
as well as using post SELEX modifications [96]. As a result, it is possible to select
aptamers with sensitivity to small ligands. Aptamers can even distinguish the chirality
of molecules and their secondary structure. In principle, there is no restriction in the
type of target for which the aptamer can be selected. To date, aptamers with affinity to
various ligands were synthesized, including metal ions, organic dyes, drugs, amino
acids, co-factors, antibiotics and nucleic acid structures [43]. Special interest was
focused on the development of aptamers for the detection of proteins including
enzymes, antibodies, prions, growth factors, gene regulatory factors, cell adhesion
molecules and lectins. Also, aptamers for food toxins, viral particles and pathogenic
bacteria were developed [43, 92]. The aptamers were initially used as therapeutic
agents. For example, aptamer that selectively binds thrombin was developed with the
purpose of application as an anticoagulant [6]. Only since 2001 the aptamers have
been used as recognition elements in biosensors [88]. To date, the best investigated
aptamers are those for thrombin. Thrombin is a multifunctional serine protease that
plays an important role in procoagulant and anticoagulant functions. Thrombin
converts soluble fibrinogen to insoluble fibrin that forms the fibrin gel, which is
responsible either for a physiological plug or for pathological thrombus [38]. This
process is catalyzed by positively charged fibrinogen binding site at the thrombin
molecule. The more positive heparin-binding site is responsible for anticoagulant
function of thrombin. These binding sites are spatially separated and localized at
opposite poles of thrombinmolecule [99]. Initially, Bock et al. [6] developed a 15-mer
DNA aptamer, which selectively binds the fibrinogen site of the thrombin (Fig. 2a).
This aptamer inhibits the thrombin-catalyzed fibrin clot formation. The binding
constant for this structure determined by Bock et al. [6] was KD = 200 nM, while
Tasset et al. [99] reported KD = 100 nM, which agreed with that reported by Macaya
et al. [56] (KD = 75–100 nM). However, Tsiang et al. [100] reported much lower KD

value, 1.6–6.2 nM, for this aptamer. It should be, however, noted that the dissociation
constant depends both on thrombin activity as well as on experimental conditions,
such as temperature, ionic strength andmethod of detection. In the aptamer developed
by Bock et al. [6], the intramolecular G-quadruplex plays the crucial role. According
to NMR studies [89] and X-ray crystallography [73], the eight guanine residues form
G tetrads that are connected at one end byTT loop (T3–T4, see Fig. 2a) and at the other
end by the TGT loop (T7G8T9, Fig. 2a). The non-canonical Watson–Crick pair T4–
T13 is important for stabilization of the aptamer in conformation that provides binding
of T3–T4 side of quadruplex tofibrinogen binding site of the thrombin. Substitution of
T4 to adenine (A) resulted in loss of binding affinity. The structure of this aptamer is
stabilized by K+ ions. Later, Tasset et al. [99] developed 38-mer aptamer that selec-
tively recognizes heparin binding site with considerably higher affinity, KD = 0.5 nM.
The G-quadruplex also represents important part of this aptamer. This aptamer had
certain similarities with that developed by Bock et al. [6]. The substantial difference
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consisted in replacement of T4 with A4 in a quadruplex loop. However, the
quadruplex structure remained stable due to extension of aptamer, in which four
Watson–Crick pairs stabilized the aptamer conformation. It is interesting that for this
aptamer K+ ions had no influence on the binding properties.

Two-stacked guanine tetramers in the active binding site of the DNA aptamers
against thrombin were typical also for other aptamers subsequently developed, such
as those for insulin [114] and DNA aptamer that selectively bind Ochratoxin A
(OTA) developed by Cruz-Aguado and Penner [15]. The quadruplex structure of
this aptamer has been confirmed in our work using QGRS Mapper program [8]
(Fig. 2b). In contrast with aptamer specific to thrombin the OTA binding aptamer is
stabilized by calcium ions. Typically 10 mM Ca2+ is required for maintaining
affinity to OTA with typical KD = 1.2 ± 0.2 nM [8]. Apart from aptamers that
maintain the G-quadruplex structure of binding site, also so-called aptamer beacons
were developed. These aptamers contain special complementary spacers at both 3ʹ
and 5ʹ terminals. In absence of target (for example thrombin) these terminals form
double helix that stabilizes the molecular beacon structure [98]. However, in
presence of target, the aptamer is transformed into a typical three-dimensional
structure contained G-quadruplex, allowing specific interaction with the ligand. The
advantage of aptamer beacon is that it allows sensitive detection of analyte, using,
for example fluorescence method. One terminal of aptamers is modified by
fluorescence label, while the other terminal contains quencher. Thus, without the
target the quencher and probe are in close proximity and the intensity of fluores-
cence is low. The addition of target resulted in conformational changes that moves
fluorescence probe away from the quencher. As a result the fluorescence intensity
increases [31]. This method was further used also for electrochemical detection.
One end of aptamer was modified by an electrochemical indicator, such as
methylene blue [110] or ferrocene [83]. Thus, conformational changes of aptamers
resulted in changes of the distance of the indicator from electrode surface and as a
result changes of the redox current took place. However, not all aptamers con-
taining G-quadruplex. For example DNA aptamers against cellular prions [97] or
human vascular endothelial growth factor (VEGF) [33] contains the loop parts that
are important for binding the target protein.

Fig. 2 a The structures of
DNA aptamers sensitive to
fibrinogen binding site at
thrombin and b ochratoxin A
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Except the molecular beacons, another design of aptamers has been proposed
recently. Hagesawa et al. [34] designed an aptamer dimer for thrombin and
VEGF165. The authors connected a 15-mer thrombin-binding aptamer sensitive to
heparin binding site with a 29-mer thrombin-binding aptamer sensitive to heparin
binding site of thrombin. This dimer aptamer has KD, which was 0.1 of that for
monomers. They also connected together two identical aptamers against vascular
endothelial growth factor (VEGF165), which is a homodimeric protein. Similarly
like for anti-thrombin aptamer, the dimeric anti-VEGF aptamer had a much lower
KD value than that of the monomer. This study showed, that the dimerization of
aptamers improves the affinities of aptamers for target proteins. In our paper we
proposed another simple design based on DNA hybridization. Two thrombin
binding aptamers were connected by hybridization of their complementary sup-
porting parts. Thus, so-called aptabody was formed that contained two binding sites
for thrombin. The aptasensor prepared by immobilisation of these aptabodies onto
the surface of multiwalled carbon nanotubes revealed approx. 3 times higher sen-
sitivity in comparison with traditional aptamers [36]. Even higher sensitivity was
obtained for heterodimeric thrombin aptamers [37]. This approach has been further
explored also in development aptasensors for detection ochratoxin A [8] and cel-
lular prions [64]. Similar approach has been used for design of aptamers against
platelet-derived growth factor BB (PDGF-BB) [117].

3.2 Aptamers in Biosensors

Aptamer based biosensors can be considered as an analogue of affinity biosensors
utilizing antibodies, i.e. immunosensors. The aptamers as a sensing elements are
immobilized onto a various support that can simultaneously serve as a transducer,
that transform the affinity interactions into the electrical, acoustics or optics signal
which is then analyzed by corresponding measuring device (Fig. 3). Moreover,
aptamers can be modified by quantum dots, nanoparticles, electrochemical labels or
fluorescence probes that can be directly used for signal generation due to confor-
mational changes of aptamers upon analyte binding [35].

The crucial step in biosensor development is the immobilization of aptamers to a
solid support. Control of surface chemistry and coverage is essential for assuring
high reactivity, orientation/accessibility, and stability of the surface-bound aptamer,
as well as for minimizing non-specific binding/adsorption events. In principle these
methods are similar to those applied previously for the immobilization of single- or
double- stranded DNA in genosensors or DNA biosensors for detection of DNA
damage (see [77] for review). The methods of immobilization based on physical
adsorption of DNA by means of electrostatic interactions are in general not suitable
due to low stability caused by aptamers desorption from the surface. However,
adsorption of aptamers onto multiwalled carbon nanotubes and their composites
with electrochemical indicators, such as methylene blue (MB) or methylene green
(MG) results in stable structures, especially when the immobilization process is
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accompanied by cycling the voltage [20]. Simple and effective method is based on
chemisorption of thiol-labeled aptamers onto a gold surface [75] or on strong
affinity of biotin to avidin, streptavidin or neutravidin. In latter case, one end of
DNA or RNA aptamer is modified by biotin. The solid support is covered by
avidin, streptavidin or neutravidin [70]. Avidin is usually chemically linked to the
organic layer formed by 3,3ʹ-dithiopropionic acid di(N-succinimidylester)
(DSP) [52]. Neutravidin is very convenient because it can be directly chemisorbed
on gold and does not require additional chemical modification of the surface
[11, 70]. Mixed two-component alkanethiol self-assembly monolayers of recogni-
tion and shielding components (similar to those used in DNA hybridization sensors)
are extremely attractive for achieving the desired balance between high loading,
minimal non-specific interactions and preferred/accessible orientation. Such mixed
co-assembly monolayers have been widely used in DNA hybridization sensors and
are being employed for the design of electrochemical aptasensors [32, 83].

Poly(amidoamine) dendrimers (PAMAM) have been also used for aptamer
immobilization. PAMAM dendrimers are globular macromolecules with amino
terminal groups. Using glutaraldehyde, crosslinking of avidin to a dendrimer sur-
face is possible, so it can be then used for immobilization of biotinylated aptamers.
The advantage of dendrimers is their high stability and relatively large surface in
comparison with flat electrode [65, 70]. So et al. [95] reported immobilization of
thrombin aptamer onto the surface of carbon nanotubes. The nanotubes were pre-
treated with carbodiimidazole-activated Tween 20 (CDI-Tween). 3ʹ- end of
thrombin aptamer was modified by –NH2 groups, which allowed covalent binding
of aptamer to CDI-Tween. Application of conducting single walled carbon nan-
otubes (SWCNTs) allowed fabricating field-effect transistor—based biosensor for
detection of thrombin. The unique properties of carbon nanotubes initiated their
massive application in biosensing including aptasensor. SWCNTs allowed to
covalent attachment of the amino-aptamers at the surface of field effect transistor
[57] for effective detection of IgE. Except SWCNTs also multiwalled carbon
nanotubes (MWCNTs) were used. The advantage of MWCNTs layers is their large
surface in comparison with flat electrode. This allows increasing the amount of the
aptamers at the surface. The aptasensor based on MWCNTs showed excellent
properties, especially in combination with electrochemical quartz crystal
microbalance detection [20, 36] as well as in potentiometric and impedimetric

Fig. 3 Scheme of the biosensor. 1 Sensing layer with receptors, 2 transducer, 3 analyzer, 4
computer
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detection [21]. For electrochemical detection of the analyte-aptamer interaction it is
also advantageous to immobilize aptamers onto composite films with desired
properties, that provide good charge transfer between the sensing layer and the
support. For example, Kang et al. [41] used for this purpose nanogold-chitosan
composite film. The film was formed at the surface of glassy carbon electrode. The
composite layer was deposited electrochemically. The surface was then modified by
glutaraldehyde for subsequent crosslinking with NH2 terminated receptor. In this
work the sandwich assay was used (see below) and instead of aptamers first the
antibody was immobilized at the surface. However, this method of immobilization
can be used also for attachment of NH2-terminated aptamers. This work demon-
strated substantial improvement of the detection of thrombin by differential pulse
voltammetry (DPV) using MB as an indicator. Another example of optimal
selection of the support was presented by Rodriguez et al. [86] who used
streptavidin-polymer-coated indium-tin oxide electrode (ITO) for immobilizing a
DNA aptamer against lysozyme in connection to an electrochemical impedance
spectroscopy method of detection. When selecting the method of immobilization, it
is important to provide sufficient conformational freedom to the aptamer.
Particularly this can be achieved also by using sufficiently long spacer. For
example, Liss et al. [52] showed that substantial improvement in the binding
properties of anti-IgE aptamer could be reached by extension of the aptamer length.
Aptamer can be immobilized also on glass slides [80], on a Si surface using UV
radiation [106] or on a supported self assembled monolayers [29]. Good confor-
mationl flexibility of aptamer can be provided also by immobilization of aptamers
on the surface of gold nanoparticles stabilized by hyper-branched polymers and
using calixarenes. This approach has been used for preparation of biosensors sen-
sitive to ochratoxin A [22] and aflatoxin B1 [23]. Another perspective approach
consisting in application of DNA tetrahedrons [79, 104] (Fig. 4) or DNA origami
[28] for aptamer immobilization.

Fig. 4 The scheme of
aptamers immobilization
using DNA tetrahedrons.
Adapted from Wang et al.
[104]
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3.3 Aptasensors Sensitive to Mycotoxins

We already mentioned that biosensors based on DNA aptamers (aptasensors) are of
growing interest due to their high sensitivity and selectivity. In this part we will
review recent works on application of DNA/RNA aptamers for detection of myco-
toxines—the potential food contaminats. Recently we reviewed the achievements in
biosensors for detection mycotoxins and food born pathogens [24]. Below is pre-
sented current state of the art in aptamer based biosensors for detection mycotoxins.
Most of recent works were focused on development aptasensors for detection
ochratoxin A and aflatoxins. Therefore these mycotoxins will be in main focus.

Ochratoxin A. The DNA aptamer sensitive to OTA has been developed by
Cruz-Aguado and Penner [15]. This aptamer has the following oligonucleotide
sequence: 5′ GAT CGG GTG TGG GTG GCG TAA AGG GAG CAT CGG ACA
3′. The analysis of this sequence using mfold program [121] shows two structures
containing loops that slightly differ by Gibbs energy. Energetically more favorable
structure (ΔG = −1.2 kcal/mol) contains loop between 16 and 28 nucleotides.
Larger loop was found for second structure (ΔG = −0.88 kcal/mol) (see [8]). The
analysis of the aptamer structure using the QGRS Mapper program predicting the
existence of guanine quadruplexes [42]. We showed that the OTA sensitive aptamer
contains one guanine quadruplex connected by loops (Fig. 2b) [8]. The existence of
quadruplex is supported also by our data on the study of OTA aptamers thermo-
dynamic properties [48]. The phase transition temperature for most stable aptamers
at presence of 20 mM Ca2+ has been 48.3 ± 0.5 °C, which is close to the melting
temperature of DNA aptamers sensitive to fibrinogen binding site of thrombin that
also contain one guanine quadruplex. Recently the existence of quadruplex in OTA
aptamer has been approved by CD method [111]. The changes in Gibbs energy for
OTA aptamers determined from melting data was 3.8 kcal/mol, which is higher in
comparison with that obtained from mfold program. However, this program does
not taking into account the quadruplexes, which are rather stable also thanks to
stabilizing role of K+ ions.

The binding site for OTA in the aptamers is not known yet. However, as it has
been shown in original work by Cruz-Aguado and Penner [15] this aptamer has
rather high affinity and selectivity to OTA. The affinity substantially increases at
presence of 20 mM Ca2+ (constant of dissociation KD = 49 nM). At the same time,
no binding of OTA was observed without calcium or magnesium ions. However,
we have recently shown that OTA sensitive aptamers modified by thiol groups and
immobilized at gold surface by chemisorption can bind OTA even when no Ca2+ is
present. Moreover, the constant of dissociation is lower in comparison with that in
solution, which is evidence of improved affinity properties of the aptamers at the
surface [8].

According to WOS database the first aptasensor for OTA was reported by Wang
et al. [103] and utilized electrochemiluminiscence method with limit of detection
(LOD) 17 pM. The sensitivity of chemiluminiscence method of detection OTA by
aptasensor was substantially improved by using Fe3O4 based magnetic
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nanoparticles (MNPs) and upconversion nanoparticles (UCNPs) as sensitive labels
[108]. The assay was based on immobilization of aptamer DNA 1 sequence onto the
surface of MNPs, which allowed capturing and concentrating OTA from bulk
samples. The aptamer DNA 1 sequence then hybridized with UCNPs modified with
DNA 2 sequence, which could dissociate from DNA 1 and result in a decreased
luminescent signal when aptamer DNA 1 recognized and bound to OTA. Under the
optimal conditions, the decreased luminescent intensity was proportional to the
concentration of OTA in the range of 0.1 ng/L to 1 μg/L with a detection limit of
0.1 ng/L (0.25 pM). This method allowed measurements of OTA in naturally
contaminated maize samples.

Amperometric aptasensor based on methylene blue (MB) as a redox probe has
also been reported [46]. In this case the effective detection range of OTA was
0.25–49.5 nM (sensitivity of detection: 74.3 pM). Such a high sensitivity has been
achieved by signal amplification using gold nanoparticles. Three DNA oligonu-
cleotides were used: 12-mer DNA1 modified by amino group at 3ʹ end was
immobilized to the activated surface of glassy carbon electrode (GCE). The aptamer,
36-mer DNA2, containing complementary part to DNA 1 was then added and
allowed to hybridize with DNA1. Finally, 12-mer DNA3 thiolated at 5ʹ end con-
taining complementary part at 3ʹ end and modified by gold nanoparticles at 5ʹ end
was added and allowed to hybridize with DNA2. Addition of MB, that selectively
binds to guanine residues posses well resolved CV signal with two redox peaks at
−0.23 and −0.18 V versus saturated calomel electrode (SCE). Addition of OTA
resulted in folding of the aptamers into 3D configuration and caused removing of the
DNA2 and DNA3 from the sensor surface. Because MB was bounded mostly with
DNA2 this removal also caused decrease of the amplitude of redox peaks that served
as analytical signal. The sensor selectively detected OTA in comparison with afla-
toxin B. However slight interaction was observed with OTA analogue—ochratoxin
B. Sensor was validated in a red wine with a good recovery in a range of 95–110 %.

Further the electrochemical aptasensor based on indirect and direct competitive
assay (LOD 0.27 nM) has been developed [2]. In an indirect assay the biotin-OTA
conjugates were immobilized on a surface of magnetic beads coated by streptavidin.
The magnetic beads were attached to the SPCE by magnet. The competitive assay
was performed by addition of various concentration of OTA in a buffer containing
fixed concentration of OTA-sensitive aptamers conjugated with HRP. The presence
of HRP was detected chronoamperometrically at presence of the H2O2, substrate of
HRP at potential −0.2 V versus Ag/AgCl electrode. The amplitude of current was
proportional to a surface density of HRP and indirectly proportional to the con-
centration of OTA in a solution. The LOD in an indirect assay (1.1 μg/L) was
similar to that obtained in competitive indirect immunoassay [82]. In a direct assay
the aminated aptamers were immobilized in a magnetic beads coated by carboxylic
acid using carbodiimide chemistry. The beads were attached to a surface of SPCE
by magnet. Free OTA was added in a solution containing fixed concentration of
AP-OTA conjugates. The surface density of AP was measured by differential pulse
voltammetry (DVP) at presence of the non-electroactive substrate 1-naphtyl
phosphate (1-NP). 1-NP has been dephosphorylated by AP into electroactive
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1-naphtol, which was oxidized at electrode to 1-iminoquinone. Oxidation current
was measured at the range 0–0.4 V versus Ag/AgCl. Similarly like for indirect
assay the amplitude of current was indirectly proportional to the concentration of
OTA. The indirect assay was 10 fold more sensitive in comparison with indirect
one (LOD 0.11 μg/L or 0.27 nM). The sensitivity of this sensor was validated in
spiked wine with a good recovery in a range 94–97 %.

Slightly improved sensitivity (LOD 0.17 nM) has been obtained with aptasensor
based on the similar magnetic beads technology, but instead of aminated the
biotinylated aptamers were used for modification of streptavidin coated magnetic
beads and HRP-OTA conjugates were used in a direct DVP assay [7]. In this work
indirect and direct competitive assay has been used. The best sensitivity was
obtained using direct competitive assay using streptavidin coated magnetic beads
with immobilized biotinylated aptamers. (biotin has high affinity to streptavidin,
KD *10−15 M). The competitive binding of OTA and OTA conjugated with HRP
(OTA-HRP) to the aptamers adsorbed at the magnetic beads surface took place. By
means of magnet the beads were separated from unbounded compounds. Then the
beads were immobilized at the surface of SPCE with help of magnet placed at the
bottom part of the electrode. The detection of OTA was performed by DVP at the
potential –0.125 mV versus Ag/AgCl. At this potential the maximal current was
observed due to the electron transfer between the electrode surface and the
p-benzoquinon (p-BQ)—the product of enzymatic degradation of hydroquinon
(HQ) (at presence of H2O2) (Fig. 5).

The current was inversely proportional to the concentration of OTA. Authors
also confirmed, that at presence of 20 mM Ca2+ the signal increased by approx.
12 % due to improved binding of OTA to the aptamers. At presence of Ca ions
negatively charged OTA probably easier binds to the negatively charged aptamers.
The binding of OTA was selective. Approx. 100 fold less binding took place for
ochratoxin B and structural components of OTA—L-phenylalanine and warfarin.
The sensor was validated in OTA containing wheat standard with recovery ranged
from 102 to 104 %. The sensor revealed higher sensitivity in comparison with
immunosensor utilizing similar detection method [7]. The disadvantage of the

Fig. 5 The scheme of direct competitive assay based on biotinylated aptamers immobilized at
magnetic beads covered by streptavidin. Competition between OTA and OTA-HRP was detected
amperometrically by DVP method (for explanation see the text) (Adopted from [7])
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sensor consisted in necessity of using enzyme conjugates as well as in possible
non-specific interactions of conjugates with SPCE.

The direct, one step detection of OTA would be, however, more advantageous
for practical applications. Recently the simple colorimetric method of OTA
detection has been reported [111]. In this work the gold nanoparticles were mod-
ified by OTA sensitive aptamers. Addition of OTA resulted in removal of the
aptamers from the surface of nanoparticles and after addition of salts the changes in
color has been observed due to nanoparticle aggregation. This method allowed
detection of OTA with LOD of 20 nM.

In our work we reported acoustic aptasensor for detection OTA using biotiny-
lated aptamers that have been adsorbed on a surface of a thin gold layer of quartz
crystal transducer covered by neutravidin (neutravidin, similarly to streptavidin has
very high affinity to biotin) (Fig. 6a). This sensor allowed direct detection of OTA
with LOD 30 nM [48]. In this method we used network analyzer for measurement
changes of series resonant frequency, ΔfS, and the so-called motional resistance,
ΔRm. The later value is sensitive to the viscosity contribution due to the friction
between the sensing layer and the buffer. This approach is important especially for
detection molecules with relatively low molecular mass like OTA. For such
molecules changes of thickness in a sensing layer are negligible. However due to
negative charge, OTA can alter the surface properties. This has been certainly
confirmed. Addition of OTA to the sensor surface resulted in increase of the Rm and
decrease in resonant frequency (Fig. 6b). The shape of the frequency and resistance
changes is typical for Langmuir adsorption isotherm.

This means that the OTA binds to the aptamers independently. The binding of
OTA to the aptamers can be quantitatively characterized by Langmuir equation
[102]. For example for changes of Rm one can write:

�DRm ¼ � DRmð Þmax c= KD þ cð Þ½ � ð1Þ

where (ΔRm)max are the maximal changes of the motional resistance. The KD value
is a measure of the affinity of OTA to the aptamers at the sensor surface. Using

Fig. 6 a The scheme of immobilization biotinylated aptamers on a thin gold layer of the quartz
crystal transducer covered by neutravidin. b The representative plot of the dependence of the
changes of resonant frequency, Δfs, and motional resistance, ΔRm, as a function of OTA for TSM
sensor. Dashed line is the fit according to Langmuir isotherm (Eq. (1)) [48]

Electrochemical and Acoustic Biosensors Based on DNA … 275



Eq. (1) and the least square method the KD value has been determined as
KD = 43.9 ± 30 nM. This value is in good agreement with that reported by
Cruz-Aguado and Penner [15] for free aptamers in a volume at presence of 20 mM
Ca2+ (fluorescence detection of OTA, KD = 49 ± 3 nM). The limit of detection
(LOD) for acoustic sensor was 30 nM. It has been determined using common
criteria of significant analyte determination at the level corresponding to signal to
noise ratio, S/N = 3. The obtained LOD was comparable with QCM immunosensor
based on indirect competitive detection method using OTA specific antibodies [51].

Another approach for direct detection of OTA is based on EIS electrochemical
aptasensors [8]. The approach is similar to those for EIS immunosensor at presence
of redox probe [Fe(CN)6]

−3/−4. As we mentioned above, the EIS method can
sensitively monitor the changes of charge transfer resistance, Rct, due to the
alterations at the sensor surface. The binding of negatively charged OTA to the
aptamers resulted in increase of negative surface charge and in repealing of the
redox probe from the surface. This causes increase in Rct value. At the same time
other parameters of the circuit such are capacitance and Warburg impedance
changed only slightly. The changes in Rct can serve as an analytical signal. This
value sharply increased at relatively low OTA concentration range 0.1–3 nM with
saturation at concentrations approx. 100 nM. This dependence had the shape of
Langmuir isotherm and can be described by the equation analogical to that pre-
sented above (Eq. (1)). The analysis of this dependence allowed to obtain
KD = 8.3 ± 0.8 nM. This value is lower in comparison with that determined by
fluorescence method for free aptamers in a volume [15] as well as that determined
by acoustic method [48]. But in EIS sensor the aptamers have been immobilized by
different method, using chemisorption, which may affect the aptamers affinity
properties. This biosensor exhibited comparable sensitivity with above-mentioned
indirect assay (LOD 0.4 nM) and selectively detected OTA. The sensor was
regenerable in 1 mM HCl and successfully validated in coffee and flour with
recovery of 88 and 104 %, respectively for spiked samples containing 10 nM OTA.
Most recently the EIS biosensor based on DNA aptamer specific to OTA covalently
immobilized onto mixed Langmuir–Blodgett monolayer composed of
polyanilyne-stearic acid and deposited on ITO coated glass plates has been reported
[81]. This sensor revealed similar detection limit (0.24 nM), however the fabrica-
tion procedure has been more complicated in comparison with simple chemisorp-
tion used in our work. The sensor discriminated between OTA and aflatoxin,
however it has not been validated in real food samples. In addition the Rct changes
were of opposite direction, i.e. with increased OTA concentration the Rct value
decreased at presence of redox probe. This is in contradiction with already pub-
lished papers.

Rather high sensitivity of electrochemical detection of OTA (1 pM) has been
achieved using hairpin aptamer configuration immobilized on a gold surface [118].
OTA has been, however detected indirectly using horse radish peroxidase-
streptavidin conjugate, that bind to biotin modified DNA that was the part of the
sensor. Wu et al. [109] reported electrochemical aptasensor using the thiol and
methylene blue (MB) dual-labeled aptamer modified gold electrode. MB is
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electrochemical indicator that provide well resolved redox. peak. Addition of OTA
resulted in conformational changes of aptamer and in increasing the distance of MB
from the surface. This caused decrease of the amplitude of the current that served as
sensor response. The sensor demonstrated linear range from 0.24 pM to 2.5 nM
with LOD of 0.23 pM. Sensor has been validated in red wine. Detection strategy
based on MB has been used in paper by Yang et al. [112]. They developed
two-level cascaded signal amplification strategy where the capture DNA, aptamers,
and reporter DNA functionalized-gold nanoparticles (GNPs) were immobilized on
the electrode. The GNPs were used as the first-level signal enhancer. A larger
number of guanine-rich DNA was bound to the GNPs’ surface to provide anchoring
sites for MB to achieve the second-level signal amplification. The effective sensing
range from 2.5 pM to 2.5 nM was obtained with detection limit of 0.75 ± 0.12 pM.

Novel method of detection of OTA by using the integration of loop-mediated
isothermal amplification (LAMP) technique and subsequently direct readout of
LAMP amplicons with a signal-on electrochemiluminescent (ECL) system has been
reported by Yuan et al. [115]. In this work the dsDNA composed by OTA aptamer
and its capture DNA were immobilized on the electrode. After addition of OTA the
OTA-aptamer complex left off the electrode, which effectively decreased the
immobilization amount of OTA aptamer on electrode. Then, the remaining OTA
aptamers on the electrode served as inner primer to initiate the LAMP reaction.
The LOD 10 fM was achieved for this sensor. Most recently Loo et al. [54] reported
electrochemical aptasensor for detection OTA utilising graphene-oxide nanoplate-
lets (GONPs) as electroactive labels. GONPs produced a well-defined reduction
peak that was used as the analytical signal. The aptasensor was capable of detecting
OTA in the concentration range of 310 fM to 310 pM, with good selectivity against
typical interferences. In addition to electrochemical and acoustic method of
detections the current trends are focused on application of fluorescence spec-
troscopy [55] and integrated evanescent wave all-fiber (EWA) biosensing platform
for detection OTA [53] with LOD of 17.2 nM and 096 pM, respectively.

Aflatoxin. Aflatoxins are another dangerous and cancerogenic group of myco-
toxins. They belonging to the flavus, parasiticus and nomius species of the genus
Aspergillus [3]. There have been identified four types of aflatoxins: AFB1, AFB2,
AFG1, AFG2, plus two additional metabolites: AFM1 and AFM2, being AFB1
classified as the most abundant and hazardous. Aflatoxins are occasionally detected
in corn, peanuts, cotton seeds, nuts, almonds, figs, pistachios, spices, milk, cheese
and in a variety of other food and beverages [60]; they are stable at high temper-
atures and consequently may resist cooking processes [5, 60]. In 2004, the Food
and Agricultural Organization (FAO) report onmycotoxins revealed that as of
December 2003, at least 99 countries worldwide had regulations for permitted
levels of mycotoxins in food or feed [25]. According to the annual report of the
Rapid Alert System for Food and Feed (RASFF) in 2012, aflatoxins were the
principal hazard in border rejections in the European Union [60]. The maximum
permissible level for AFB1 in food established by [13] was set up to 2 parts per
billion (ppb) equivalent to 6.4 nM for peanuts, tree nuts, dried fruits and all cereals;
0.10 ppb (0.32 nM) for processed-cereal based baby food and dietary food for
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children; 5 ppb (16 nM) for hazelnuts, Brazil nuts, and black pepper. All of them
intended for direct human consumption.

Up to date, analytical methods for detection of AFB1 in food generally consist
on a first stage of extraction of the mycotoxin from the matrix, a second purification
step and lastly, the revelation by a suitable technique such as high-performance
liquid chromatography (HPLC) with fluorescence or mass detectors [10]
Enzyme-linked immunosorbent assay (ELISA) has been also widely applied to
AFB1 detection [78]. Nevertheless, there is still an increasing demand for small
devices capable of rapid, accurate and reliable determination of low concentrations
of AFB1 preferably in situ conditions. Responding to this requirement, various
electrochemical biosensors have been reported in literature for AFB1 detection with
satisfactory testing in corn [76] and barley [1]. High sensitive impedimetric
immunosensors modified by silica gelionic liquid biocompatible film for detection
of AFB1 in bee pollen [116], and AFB1-bovine serum albumin conjugates on
polythionine-gold nanoparticles and polyaniline (PANi)-polystyrene sulphonic acid
films have been also reported [71]. A high sensitive amperometric AFB1 biosensor
by aflatoxin-oxidase (AFO) embedded in sol-gel and linked to multiwalled carbon
nanotubes (MWCNTs) on Pt electrodes has been also purposed [50]. Immunogenic
multi-arrays for simultaneous detection of various mycotoxins including AFB1
together with the detection in corn and peanuts with a limit of detection
(LOD) within picogramlevels have been also achieved [105]. Additionally, the
detection of AFB1 was obtained by a bifunctional gold binding protein by means of
surface plasmon resonance. LOD was as low as 1 mg/mL (3.2 mM) in both, buffer
and corn extracts the sensor exhibited negligible responses for other two control
toxins [74]. Despite of the broad availability of antibodies and enzymatic based
biosensors, the aptamers have being explored as highly promising alternatives.
Recently, Neoventures Biotechnology Inc. (Canada) has patented a specific aptamer
to AFB1 (Patent: PCT/CA2010/001292) [67] that has been used as molecular
recognition probe for detection of AFB1. The method of detection has been based
on a chemiluminescence competitive assay using hemin G quadruplex horseradish
peroxidase-like DNAzyme (HRP-DNAzyme) linked to AFB1 aptamer. The assay
allowed detection of AFB1 with LOD 0.35 nM and it has been validated in spiked
corn samples [94]. Later on, an aptamer-based dipstick assay for the rapid and
simple detection of AFB1 based on a competitive reaction of the biotinylated form
of this aptamer and cy5-modified DNA probes it has been recently reported. This
sensor achieved a LOD 0.32 nM and the results of AFB1 analysis in spiked corn
samples and ELISA were concordant [94]. Even more sensitive method, based on
configurational changes of this aptamer specific to AFB1 immobilized in PCR
tubes, has been reported by Guo et al. [30]. This biosensor achieved high sensitivity
(LOD 0.1 pM) and it was also tested for quantifying AFB1 levels in wild rye hay
and infant rice cereal samples, demonstrating satisfactory recoveries. In our work
[23] we proposed electrochemical aptasensors for detection AFB1 based on glassy
carbon electrodes modified with electropolymerized Neutral red and polycarboxy-
lated macrocyclic ligands onto which the DNA aptamers were covalently attached.
The interaction with an analyte resulted in the decrease of the cathodic peak current
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of the probe measured by CV and in the increase of the electron transfer resistance
determined by EIS. The limit of detection was found to be 0.1 nM for CV and
0.05 nM for EIS methods, respectively. The aptasensor makes it possible to detect
AFB1 in peanuts, cashew nuts, white wine and soy sauce with a recovery of
85–100 %. Recently we reported an electrochemical aptasensor for detection of
AFB1 developed through layer coating of cystamine, PAMAM G4 dendrimers and
DNA aptamers specific to AFB1 (Fig. 7) [9]. Electrochemistry based on EIS and
CV in the presence of the redox couple K[Fe(CN)6]

−3/−4 was employed for steeply
monitoring of sensor formation and binding events. Other supporting systems
consisting of one or multi sensing layers were tested in order to probe the efficacy of
PAMAM dendrimers-aptamers as enhancing elements for biosensing of low
molecular compounds. The LOD achieved by this sensor was 0.40 ± 0.03 nM, it
was regenerable in 0.2 M glycine-HCl and it did not lose its stability up to 60 h
storing at 4 °C. The specificity of aptamers to AFB1 was also studied since the
potential contribution to signal detection that other mycotoxins (OTA, AFB2) could
confer, especially when analyzing food samples. The aptasensor has been tested in
samples of peanuts demonstrating satisfactory recovery. The effects of the matrix in
spiked samples compared to previously treated contaminated samples of peanuts
was also explored. For lower concentrations of AFB1: 0.1, 0.3 and 1 nM the
recovery of the biosensor was 95.6, 96.5 and 90.7 % respectively. For 3 and 10 nM
AFB1 the matrix effect increases leading to recoveries higher than 100 % (109.6
and 119.7 % respectively). This indicates that the sensor was able to detect not only
AFB1, but other components of the samples that could also cause delaying in the
electronic communication between the sensing layer and the analyte. It seems to be
that the specificity of the aptamer plays a crucial role in complex samples and it
should be properly studied in buffer before testing the aptasensor in food. We can

Fig. 7 Schematic representation of aptamer-based biosensor for detection of AFB1. Cystamine
(Cys) was immobilized on a gold electrode by chemisorption of thiols 1. Glutaraldehyde (GA) was
added to the surface for linking covalently amino-groups of cystamine to amino-terminated
dendrimers 2. PAMAM G4 dendrimers layer was reacted with NaBH4 for reducing the excess of
GA 3. Next step includes addition of GA 4 that follows the anchoring of amino-modified aptamers
and using NaBH4 for reducing the excess of GA 5. The sensor was ready for detection of AFB1 6
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conclude that for lower concentrations, which are of special interest in food anal-
ysis, the response of the sensor against AFB1 was optimal and the matrix effect was
better controlled due to the using of certified contaminated peanuts extract instead
of spiked samples. Filtration process and intermediate thoroughly washing steps
between measurements probably also contributed to reduce the matrix interferences.
The limit of detection achieved by the biosensor is sufficient for practical detection
of the minimal stipulated level of AFB1 in peanuts (6.4 nM) intended for direct
human consumption.

Nguyen et al. [68] used aflatoxin M1 (AFM1) specific aptamer for label-free
electrochemical detection of this mycotoxin. Detection of AFM1 is important for
food safety since it is the most toxic mycotoxin class that is allowed to be present
on cow milk. In this paper Fe3O4 incorporated polyaniline (Fe3O4/PANi) film has
been polymerized on interdigitated electrode (IDE) onto which the aptamers were
immobilized. This aptasensor showed a good sensitivity to AFM1 in the range of
20–200 pM, with the detection limit of 6 pM.

Thus, the aptasensors are of high perspective even for detection small molecules
such are OTA and aflatoxins. The sensitivity of detection in most cases is similar to
those of antibodies [24]. Substantial advantage of aptasensors is possibility of
surface regeneration which allowing their multiple use. Moreover, recent papers on
application SPR, thickness shear mode acoustic method and EIS are evidence of
possibility of direct detection OTA and aflatoxins without using OTA-protein
conjugates or other labels.

4 Conclusion

The biosensor technology is certainly powerful tool for detection food mycotoxins
such as ochratoxin A and aflatoxins. The achievements reported in this review
revealed that most of the approaches allowing detect OTA and aflatoxins with high
sensitivity, which is better than allowable contamination of food by these toxins.
Rather perspective direction in biosensor development consisting in application of
DNA aptamers. Using these novel biopolymers even most sensitive biosensor assay
was demonstrated, allowing detection of OTA and aflatoxin better than in pM level.
Direct detection methods such are acoustic and electrochemical impedance spec-
troscopy are rather challenging, due to fast response and high sensitivity which is
substantial advantage over traditional methods such are HPLC or mass spec-
troscopy. We believe that further effort should result in appearance of low cost,
portable and easy to use biosensor for detection of mycotoxins applicable in food
factories and agricultural farms.
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Abstract Food safety plays an important role in public health and thus to society
as a whole. Food may become unsafe due to the presence of allergens and adul-
terants amongst others and hence the determination of these analytes has gained
great relevance in quality control and safety of food. Electrochemical biosensor
devices are emerging as one of the foremost relevant techniques for monitoring
food allergens and adulterants due to their quick, specific, sensitive and reliable
performances, ease of mass fabrication, economics and field applicability. These
electrochemical biosensors, based on the use of existing or recently developed
bioreceptors in combination with nanomaterials and surface fabrication techniques
are able to offer attractive and efficient platforms which may become a viable option
for the development of simpler, faster, cheaper and more robust and reliable ana-
lytical methods for the detection of allergens and adulterants in food. This Chapter
describes recent analytical strategies developed so far using electrochemical
biosensors for the determination of potentially hazardous adulterants and allergenic
food residues to ensure food safety. The main progresses achieved to date are
presented, highlighting general considerations and potential prospects for the future.
The variety of electrochemical biosensors that have appeared in recent years shows
that it is a booming research area with still many challenges but also great
opportunities to develop sensitive, reliable, robust, and cost effective food allergens
and adulterants biosensing methodologies.
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1 Food Security

Ensuring food safety is nowadays a top priority of authorities and professional
players in the food supply chain. Between the different targets of importance in food
safety control: pathogens, allergens, adulterants, toxins and other forbidden con-
taminants, adulterants and allergens are growing food concerns.

Food allergy is nowadays regarded as a problem of public health importance due
to its widespread among most countries and the concern raised by allergic con-
sumers inadvertently exposed to the offending ingredient through allergen con-
taining foods. Even little intake of offending allergen can trigger allergic reactions
in allergic consumers; therefore the only effective way of prevention is the
avoidance of the allergen containing food from the diet [1]. The risks associated
with the presence of hidden allergens in the food chain have generated a high
demand for fast, sensitive and reliable methods to trace food allergens in different
commodities to be implemented by food industries [1, 2].

During the past decade, a considerable interest has been paid also to dairy
products quality and methods of production due to the recent crises and scandals in
food industry, which have seriously undermined consumer confidence. The need
for rapid analytical techniques to determine the authenticity and to detect adulter-
ation is greater than ever. The determination of authenticity of milk and dairy
products requires appropriate analytical tools for analysis both during production
and storage [3].

Then, one of the key challenges to determine the safety of food and guarantee a
high level of consumer protection is the availability of fast, sensitive and reliable
analytical methods to identify these specific risks associated to food before they
become a health problem. The limitations of existing methods have encouraged the
development of new technologies, such as biosensors, which represent an inter-
esting alternative that may address a number of analytical measurement problems
with a great potential for food safety. As compared to conventional analytical
methods, biosensors are easy to handle, portable, quick and the user does not
require special skills [4, 5].

Particularly, electrochemical biosensors have been emerging as powerful alter-
natives to standard methods for the detection and quantification of allergens and
adulterants in foods because there are able to perform rapid and simple determi-
nations with high sensitivity and selectivity and low-cost instrumentation.
Moreover, they are easy miniaturized and automated, ideal to perform routine and
decentralized analysis.

Because of these interesting advantages, the purpose of this chapter is to provide
an overview of the variety of electrochemical biosensors-based analytical strategies
developed so far for the detection of allergens and adulterants present in food, either
accidentally or deliberately, which may be not acceptable to certain consumers.
This chapter does not attempt to provide an exhaustive list of all the strategies
developed given the numerous scientific papers already published in this area.
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Instead, it will provide different trends in electrochemical biosensing strategies
based on distinct approaches and what are the future prospects and potential barriers
exist with respect to commercialization of such devices within the food sector.

2 Electrochemical Biosensors for Food Allergens

Nowadays, allergic diseases are a public health worldwide problem, getting dis-
eases such as asthma, atopic eczema and respiratory or food allergies are no longer
classified as rare diseases and to be considered common diseases in industrialized
countries, affecting largely at children.

Food allergy is a type of adverse reaction to food, produced by an immuno-
logical mechanism resulting from ingestion, contact or inhalation of certain sub-
stances presented in food, known as allergens. Food allergy is nowadays regarded
as a problem of public-health relevance, the main concern being the unintentional
exposure of allergic consumers to the offending ingredient through allergen con-
taining food. Food allergy affects about 1–10 % of the world population, being a
growing public health problem in countries like US where more than 15 million
affected people [6] and are suffered by about 4 % of adults and 8 % of children and
responsible of about 30,000 cases of medical emergencies and between 150 and
200 deaths per year. Since today there is no cure for allergies, the strict elimination
of these allergens from the diet and the availability of reliable methods for detection
and quantification of food allergens are the only options to ensure compliance with
food labeling and improve consumer protection [2]. A pivotal issue in food allergen
quantification is the impossibility to define a useful threshold (a limit below which a
stimulus causes no reaction) and valuable determination limits (LOQs). Since the
sensitivity of a patient to a given allergen varies from one patient to another and
over the time, it is difficult to define threshold doses for allergenic foods [7] and
therefore, without well-established thresholds, these quantification methods must be
as sensitive, accurate and reliable as possible.

In addition, currently there is a variety of allergenic foods in which different
allergenic proteins of different properties were found; which further complicates the
assessment of the allergenic potential of certain foods. While more than 160 foods
can cause allergic reactions in people, there are eight major foods or food groups
believed to account for 90 % of food allergies: cow’s milk, eggs, peanuts, soybeans,
wheat, tree nuts, fish and crustacean shellfish although a higher number of aller-
genic compounds have been identified so far [1]. On the other hand, food allergens
can become part of the food through unintended exposure such as through con-
tamination which can occur by raw materials or during the production process [8].
Therefore, analytical testing systems are needed by businesses in the food industry
to enable them to test whether allergens are present in their raw materials and in the
finished products and whether production lines have been correctly sanitized, by
food inspection authorities for market surveillance, and by academia to enable and
stimulate research into food allergy and allergen detection [9].
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At present, the main analytical techniques used to detect food allergens can be
classified into protein-based or DNA-based assays. Protein-based assays detect
either a specific target food allergen, using enzyme-linked immunosorbent assays
(ELISAs), or total soluble allergenic proteins. DNA-based techniques detect the
presence of allergens by amplifying a specific DNA fragment of the encoding gene
for the target allergenic protein through polymerase chain reaction (PCR) [1].
However, false positive results (due to cross-reactivity with other co-extracted
allergenic proteins) as well as large difference in quantitative results between
available ELISA kits and the high numbers of replicates for samples or an external
standard required by all the PCR methods described have hindered their application
to processed foods or complex food matrices. Additional limitations of ELISA for
food allergens detection include the possibility to evade detection in some ELISA
formats of protein hydrolysates, heat-processed proteins or protein residues with
lipophilic nature [10]. Furthermore, even though some level of automation has been
achieved in the recent years, ELISAs remain laborious, time consuming and
expensive, particularly when multiple targets need to be screened [2]. An additional
limitation of DNA-based methods resides in the likelihood to find residual DNA
encoding for the allergenic protein in the final processed food, PCR sensitivity
strongly depending on the amount and the quality of the DNA isolated [1].

Therefore there is an urgent need to improve the robustness of the available
analytical methods and to develop new standardized methods which must be fast,
more sensitive, more accurate and more specific for better reliability to allow
unambiguous identification of the allergens [7].

An emerging technology in food allergen analysis is the use of biosensors
consisting of an integrated receptor-transducer device, which is capable of pro-
viding selective quantitative or semi-quantitative information using a biological
recognition element [1]. Among these, the electrochemical biosensors have been
well established as valid alternatives to classical analysis methods for detection of
allergens, by offering the advantages of being easy to use, rapid, robust and often
cheap multi-analyte testing [2, 11]. They hold great promise for reliable point-of-
care sensor (POC) for household use, in particular, in applications where mini-
mizing size and cost is crucial (e.g. on-line allergen-contamination monitoring).
Electrochemical biosensors can be classified into potentiometric, amperometric,
voltammetric and impedance types. Bioreceptors most commonly used in electro-
chemical biosensors for food allergen management include specific antibodies
raised against an allergen [12–14], single-stranded DNA molecules capable of
hybridizing with allergen-specific DNA fragments [15, 16], aptamer selected to
recognize the target allergen directly [17, 18] and living cells which specifically
recognize the target allergen and convert the recognition into a signal that can be
electrochemically recorded and quantified [19]. Although the first applications of
electrochemical biosensors to food-allergen management date back to 2008
[20, 21], in the following sub-sections, the most relevant electrochemical biosensors
described for food allergens detection in the last 10 years, have been selected and
classified according to the type of target and bioreceptor type employed.

290 S. Campuzano et al.



2.1 Immunosensors

Already in 2008, Huang et al. [21] developed an impedimetric immunosensor for
determination of peanut protein Ara h 1 by immobilizing a monoclonal antibody to
Ara h 1 onto an Au electrode through amide bond formation to a
carboxylate-terminated 11-mercaptoundecanoic acid (MUA) self-assembled
monolayer (SAM). The detection limit (LOD) of this reagentless biosensor was
estimated to be less than 0.3 nM.

Singh et al. reported the development of a nanopore immunosensor by covalent
immobilization of peanut antibody within gold thin-film coated pores of commer-
cial polycarbonate membranes [22]. In this approach protein Ara h 1 was detected
by measuring the decrease in the pore conductivity as the peanut protein concen-
tration increases due to the partial pore occlusion by antigen binding.

Direct casein detectionwas described byCao et al. [23] byusing an electrochemical
immunosensor based on a glassy carbon electrode (GCE) functionalized with a gold
nanoparticles (AuNPs) and poly(l-Arginine)/multi-walled carbon nanotubes
(P-L-Arg/MWCNT) composite film through electropolymerization of L-arginine.
Subsequently, AuNPswere adsorbed on themodified electrode in order to immobilize
the capture antibody. Under optimized conditions and due to the formation of anti-
body–antigen complex on the modified electrode, peak currents of the redox couple
(ferricyanide) obtained by differential pulse voltammetry (DPV) decreased linearly
with increasing casein concentrations (in the range from 1 × 10−7 to 1 × 10−5 gmL−1).
This electrochemical immunosensor has a low LOD of 5 × 10−8 g mL−1 and was
applied to the determination of casein in cheese samples with satisfactory results.

An electrochemical magnetoimmunosensor for the quantification of gliadin or
small gliadin fragments in natural or pretreated food samples was described by
Laube et al. [24]. The immunological reaction was performed on tosyl-activated
magnetic beads (MBs) as solid support by the oriented covalent immobilization of
the protein gliadin and using a specific HRP-labeled antibody for the detection. The
modified MBs are then captured onto the surface of a magnetoelectrode based on
graphite-epoxy composite (m-GEC) to perform the amperometric detection using
H2O2 and HQ. Excellent LODs (in the order of μg L

−1) were achieved, according to
the legislation for gluten-free products. The performance of this magnetoim-
munosensor was successfully evaluated using spiked gluten-free foodstuffs (skim-
med milk and beer), obtaining excellent recovery values.

A novel label-free voltammetric immunosensor for sensitive detection of
β-lactoglobulin (β-LG) based on electrografting of aryl diazonium salt organic film
on graphene modified screen printed electrodes has also been developed [25]. The
derivatization of the graphene electrode surface was achieved by electrochemical
reduction of in situ generated 4-nitrophenyl diazonium cations in aqueous acidic
solution, followed by electrochemical reduction of the terminal nitro groups to
amines, which were activated using glutaraldehyde and used for the covalent
immobilization of the capture antibody. Results demonstrated that the DPV
reduction peak current of [Fe(CN)6]

3−/4− decreased linearly with increasing
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concentrations of the target protein due to the formation of antibody–antigen
complex on the modified electrode surface. This label-free voltammetric
immunosensor enabled a LOD of 0.85 pg mL−1 and a dynamic range from
1 pg mL−1 to 100 ng mL−1. Noteworthily, the immunosensor was also evaluated for
the determination of β-LG in several milk-containing food products (cake, cheese,
snacks and biscuits) and results obtained showed excellent correlation with those
provided by a commercial ELISA kit. These authors reported also a label-free
voltammetric immunosensor for ovalbumin by using carboxyphenyl modified
graphene. In this approach, graphene-modified screen printed carbon electrodes
were covalently functionalized using electrochemical reduction of in situ generated
aryl diazonium salt forming a carboxyphenyl film on the graphene surface (Fig. 1)
[26]. The terminal carboxylic groups on the graphene surface were activated using
EDC/NHS and used to immobilize the capture antibody using the decrease in the
[Fe(CN)6]

3−/4− DPV reduction peak current after the immunochemical reaction for
the ovalbumin detection. The developed immunosensor has been used for oval-
bumin detection in the concentration range of 1 pg mL−1 to 0.5 mg mL−1 with a
LOD of 0.83 pg mL−1 and applied to the determination of spiked cake extracts.

Ruiz-Valdepeñas Montiel et al. proposed a disposable amperometric magne-
toimmunosensor for the determination of β-LG using a sandwich configuration,
SPCEs and HOOC-modified MBs (HOOC-MBs) [12]. This methodology involved

Fig. 1 Scheme of the ovalbumin immunosensor based on the use of carboxyphenyl modified
graphene (Reprinted from [26] with permission. Copyright 2013 RSC)
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the immobilization of the capture antibody onto the activated carboxylic-modified
MBs (HOOC-MBs) and successive incubation steps of the modified MBs with the
analyte and a specificHRP-labeled detector antibody. The resultingmodifiedMBs are
captured by a magnet placed under the surface of a disposable carbon screen-printed
electrode (SPCE) and the amperometric responses are measured at −0.20 V (vs. Ag
pseudo-reference electrode), upon addition of hydroquinone (HQ) as electron transfer
mediator and H2O2 as the enzyme substrate. The β-LG magnetoimmunosensor
exhibited a wide range of linearity (2.8–100 ngmL−1) and a low LOD of 0.8 ngmL−1.
Themagnetoimmunosensing platformwas successfully applied for the detection of β-
LG in different milk sampleswithout anymatrix effect after just a sample dilution. The
results correlated properly with those provided by a commercial ELISA spec-
trophotometric kit offering a truthful analytical screening tool.

Same authors reported also a similar configuration for the sensitive determina-
tion of Ara h 1 in only 2 h [27]. This Ara h 1 magnetoimmunosensor exhibits a
wide range of linearity (20.8–1000.0 ng mL−1) Ara h 1, a LOD of 6.3 ng mL−1, a
great selectivity and a useful lifetime of 25 days. The usefulness of the
immunosensor was demonstrated by determining the endogenous Ara h 1 in dif-
ferent matrices (diluted food extracts and undiluted saliva samples). The results
correlated properly with those provided by a commercial ELISA method offering a
reliable and promising analytical screening tool in the development of user-friendly
devices for on-site determination of Ara h 1.

Other MBs-based electrochemical immunosensor has been developed for oval-
bumin determination [13]. A sandwich-type immunocomplex formed by specific
anti-ovalbumin immunoglobulin G, ovalbumin and secondary anti-ovalbumin
antibodies conjugated with HRP was performed onto the surface of activated
carboxylate-modified MBs. The electrochemical signal proportional to the enzy-
matic reaction of HRP during the reduction of H2O2 with thionine as electron
mediator was measured by linear sweep voltammetry at screen-printed platinum
electrodes. This method was suitable for quantification of ovalbumin in the range of
11 to 222 nM and a LOD of 5 nM.

Alves et al. have developed recently integrated voltammetric immunosensors for
the determination of Ara h 6 [14] and Ara h 1 [28]. AuNPs-modified screen-printed
carbon electrodes were used to develop sandwich-type immunoassays using
specific capture antibodies and ALP-labeled detector antibodies. The electro-
chemical detection of the antibody-antigen interaction was performed by applying
an anodic (stripping) voltammetric potential scan of the enzymatically deposited
silver in the presence of 3-indoxyl-phosphate (3-IP) and silver ions. Both
methodologies were reproducible, presented a good repeatability, provided accurate
results, very low LOD (0.27 and 3.8 ng mL−1 of Ara h 6 and Ara h 1, respectively)
and were successfully applied to determination in complex food matrices, such as
cookies and chocolate.

A portable indirect competitive amperometric immunosensor using rabbit
polyclonal anti-bovine β-casein, goat anti-rabbit IgG-HRP conjugate antibodies and
a set of 8 carbon working electrodes screen printed on alumina able to perform
β-casein detection in eight different samples has been recently published by
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Molinari et al. [29]. Commercial β-casein is covalently immobilized onto the
electrode surface using the EDC/NHS method after the functionalization of the
sensor surfaces with carboxylic groups by plasma treatment and an indirect com-
petitive reaction between soluble and electrode surface immobilized antigen to the
binding sites of the anti-bovine β-casein antibodies which are then recognized by
HRP-conjugated secondary antibodies, took place. The amperometric signal
detected, due to the enzymatic reduction of the redox mediator after adding H2O2, is
inversely proportional to the β-casein concentration present in the sample solutions.
Although this approach was not particularly sensitive (0–10 ppm range), no com-
plex electronic instrumentation such as computer was required in this methodology
since the eight electrochemical cells are integrated into a small-size portable
potentiostat controlled by a smartphone via Bluetooth communication (Fig. 2).

2.2 DNA Sensors

Electrochemical DNA-based biosensors have been widely used for detecting
specific genes associated with target allergens. Betazzi et al. [20] developed an
electrochemical genosensor platform for the simultaneous, sensitive and specific
detection of PCR amplicons obtained from cDNA of the major hazelnut protein
allergens (Cor a 1.04 and Cor a 1.03) in foodstuffs. The used platform was a low
density array of eight individually addressable gold working electrodes, enabling
the simultaneous analysis of different samples. Unmodified PCR products were
captured at the sensor interface via sandwich hybridization with thiol-tethered DNA
capture probes assembled on the gold electrodes and biotinylated signaling probes.

Fig. 2 Set of working and auxiliary electrodes screen printed on alumina, electrochemical cells
and portable potentiostat connected to a smartphone and controlled by bluetooth. (Reprinted from
[29] with permission. Copyright 2015 Creative Commons Attribution Licence)
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The resulting biotinylated hybrids were coupled with a streptavidin–alkaline
phosphatase conjugate and DPV was finally used to detect the α-naphthol signal
produced by enzymatic reaction from α-naphthyl phosphate. LODs of 0.3 and
0.1 nmol L−1 were obtained for Cor a 1.03 and Cor a 1.04, respectively. Storage
stability studies demonstrated that the capture probe-modified chip provided a
stable response for up to 4 months. The genosensor was applied to detect the
presence of these allergens in several commercial foodstuffs, obtaining a good
agreement with the results obtained with a standard ELISA kit.

Sun et al. [30] developed a very sensitive DNA sensor, based on the use of a
dually-labeled stem-loop probe, for detecting peanut-allergen Ara h 1 using a probe.
The probe (modified with a thiol group at its 5ʹ end and a biotin tag at its 3ʹ end)
assembled on a gold electrode was ‘‘closed’’ when the target oligonucleotide was
absent, and ‘‘open’’ after hybridization with the target, thus moving away from the
electrode surface the biotin group at its 3ʹ end. The electron transfer efficiency
changes resulting from the detachment of biotin tags from the electrode surface
were measured by faradaic EIS. This method with a linear response in the range of
10−15–10−10 M, a LOD of 0.35 fM and the ability to discriminate a single-base
mismatch, was successfully applied to detect the target allergen in a peanut-milk
beverage.

A sandwich selective electrochemical genosensor has been developed also for
the detection of an 86-mer DNA peanut sequence encoding part of the allergen Ara
h 2 (conglutin-homolog protein) [31]. The method is based on the use of thiolated
capture and biotinylated detector probes and screen-printed gold electrodes. The
electrochemical signal monitored corresponded to the oxidation of 1-naphthol
generated through the hydrolysis of 1-naphthyl phosphate in the presence of
Strep-ALP (use to label the biotinylated detector probe attached to the electrode
surface). The proposed sensor showed a sensitivity as high as 3 mA nM−1, a linear
range from 5 × 10−11 to 5 × 10−8 M and a LOD of 10 pM.

Sun et al. developed a stem-loop DNA probe biosensor for peanut allergen Ara h
1 using a multilayer graphene–gold nanocomposite as a signal amplification
material [15]. In this case a thiolated hairpin DNA-biotin probe was immobilized
onto a multilayer graphene–gold nanocomposite prepared by a cycle-alternate
electrodeposition method to deposit monolayers of graphene and AuNPs on a GCE.
The prepared biosensor, based on an “off” state in the presence of the target DNA
demonstrated a linear response ranging from 10−16 to 10−13 M, an ultrasensitive
LOD of 0.041 fM, a one-base mismatch selectivity and successful recoveries
(86.8–110.4 %) of the Ara h 1 gene from a peanut milk beverage.

Very recently, the first electrochemical genosensor able to quantify gluten in
food products was developed [16]. This approach used a sandwich-based format,
involving the use of a capture probe immobilized onto the screen-printed gold
electrode, and a signaling probe functionalized with fluorescein isothiocyanate
(FITC), both able to hybridize with the target analyte, a fragment encoding the
immunodominant peptide of α2-gliadin amplified by a tailored PCR. The sensor
was able to reliable detect as low as 0.001 % (w/w) of wheat flour in an inert matrix
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and to analyze processed food samples, without complicated pretreatment proto-
cols, giving results in agreement with the Codex recommended method.

Among the DNA-based biosensors, aptameric ones have attained also great
attention in the determination of food allergens and will be discussed in the fol-
lowing subsection [5].

2.2.1 Aptasensors

Aptamers are small single-stranded DNA or RNA sequences which inherently
adopt stable three dimensional sequence-dependent structures and bind a target
ligand with high affinity [32].

Amaya-Gonzalez et al. [33] developed a competitive electrochemical aptaassay
based on MBs for determination of gliadin in real samples. Two different aptamer
sequences (Gli1 and Gli4) against the immunodominant peptide from wheat gliadin,
the 33-mer, that also recognize celiac disease related proteins from barley, rye and
oat were selected [34]. The competition is established between the biotinylated
peptide immobilized on the surface of streptavidin-modified MBs (Strep-MBs) and
gliadin in solution in the presence of a fixed amount of the specific biotinylated
aptamer. The electrochemical signal was achieved by chronoamperometry using the
system H2O2/TMB after enzymatic labeling with streptavidin-HRP of the
biotinylated aptamer fraction bound to the 33-mer modified MBs. In the presence of
increasing concentrations of gliadin, the amount of free aptamer available to bind
the 33-mer immobilized peptide on the Strep-MBs diminishes resulting in a
decreasing analytical signal with analyte concentration. This competitive electro-
chemical magnetoassay did not show any cross-reactivity with non-triggering celiac
disease proteins from soy, rice or maize. Moreover, the results achieved demon-
strated that the assays based on the two aptamer sequences, Gli1 and Gli4 are
complementary: while the assay using the Gli1 aptamer is suitable for quantifying
gluten in hydrolysed samples (LOD of 4.9 ppm), the method based on the Gli4
aptamer is more sensitive (LOD of 0.5 ppm) and allows the quantification of gluten
in heated foods thus providing answers to one of the main challenges associated
with analytical determination of gluten, namely detection of gliadin in heated and
hydrolysed foods. Aptamer-based sensors for the label-free determination of Ara h
1 have been developed by immobilizing on gold surfaces a thiolated aptamer [17]
or an amino (NH2)-terminated 77-base DNA aptamer covalently to a carboxylated
SAM employing carbodiimide chemistry [35]. Both platforms are based on the use
of an 80-base DNA aptamer and impedimetric detection. The fast and low-cost
aptameric platform based on the amino-modified aptamer can detect Ara h 1 with a
LOD of *1 nM and up to concentrations of *15 nM.

A novel aptasensor for lysozyme detection was reported based on the immo-
bilization of the aptamer onto the surface of a screen-printed carbon electrode by
covalent binding via diazonium salt chemistry [18]. The developed aptasensor
exhibited a very good linearity (0.025–0.8 μM) and a LOD of 25 nM far below the
maximum amount allowed by the International Organization of Vine and Wine
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(OIV). This disposable platform demonstrated promising results in the analysis of
spiked wine samples. Same authors developed also other impedimetric aptasensor
for lysozyme detection based on a sandwich format using a capture aptamer
immobilized covalently via diazonium salt chemistry on a screen-printed carbon
electrode and a biotinylated detector antibody [36]. Detection was performed by
monitoring by DPV the electrochemical oxidation signals of 1-naphthol after
labeling the biotinylated antibody with avidin marked with alkaline phosphatase
and using 1-naphthyl phosphate as the enzymatic substrate. This aptasensor,
characterized by a wide detection range, from 5 fM to 5 nM and a LOD of 4.3 fM
was also applied to the determination in spiked wine samples.

2.3 Whole Cell-Based Sensors

Jiang et al. developed a novel cell-based impedimetric biosensor to quantify major
shrimp allergen Pen a 1 (tropomyosin) [37]. This aptasensor was based on the
immobilization of anti-shrimp tropomyosin IgE pre-sensitized rat basophilic leu-
kemia (RBL-2H3) living mast cells, encapsulated in type I collagen, on a
self-assembled L-cysteine/AuNPs (AuNPsCys)-modified gold electrode (see Fig. 3).
In the presence of antigen, the sensitized immobilized cells lead to initiation of
signaling cascade resulting in the degranulation of secretory vesicles and releasing of
inflammatory molecules, which can be monitorized by the increase in the impedance
value (Ret). Results presented demonstrated that Ret values increased with the
concentration of purified shrimp allergen Pen a 1 in the range of 0.5–0.25 μg mL−1

with an LOD of 0.15 μg mL−1.
Same authors developed also a very attractive fluorescent magnetic

nanobeads-based mast cell biosensor for electrochemical detection of activated cells
that were employed to quantify both shrimp allergen tropomyosin (Pen a 1) and fish
allergen parvalbumin (PV) [19]. In this approach cationic magnetic fluorescent
nanoparticles (CMFNPs) were used for transfecting RBL-2H3 cells and the
resulting CMFNP-transfected RBL-2H3 cells (pre-sensitized by anti-Pen a 1 IgE or
Anti-PV IgE) were magnetically captured on a magnetic glassy carbon electrode
(MGCE). The response induced by the activated cells in the presence of the tar-
get allergen was monitorized by EIS. Results show high detection accuracy for
these targets, with linear ranges from 0.5 to 10 ng mL−1 and 0.1 to 6 μg mL−1 and
LODs of 0.16 μg mL−1 and 0.03 ng mL−1 for the PV and Pen a 1, respectively.

2.4 Other Biosensors

Apart from the most commonly bioreceptors mentioned in Sect. 2, lectins have been
also applied to develop electrochemical biosensors for food allergens determination.
Xu and co-workers [38] developed an electrochemical biosensor for the direct
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detection of chicken ovomucoid (CHOM) using ZnO quantum dots
(QDs) bioconjugates and Concanavalin A as a recognition element. The novel
bioconjugates were synthetized by self-assembling of CHOM onto ZnO QDs
through electrostatic interaction between positively charged QDs surface and
negatively charged protein. This ZnO-QD/CHOM bio-conjugate was captured on a
Concanavalin A-modified electrode and the extent of the biorecognition was
accomplished by square wave voltammetric (SWV) of captured QDs after acidic
dissolution (see Fig. 4). The zinc SWV peaks monitored were dependent on the
CHOM concentration in the 1–140 ng mL−1 range. The proposed method, with a
LOD of 0.1 ng mL−1, offers a simpler platform for the detection of other glyco-
protein allergens.

Recently Sugawara et al. [39] developed an electrochemical biosensor to detect
ovalbumin (OVA) by using a specific peptide probe (peptide-1) conjugated with

Fig. 3 Schematic illustration of the preparation of modified electrode (above) and principle of
allergen reaction process (below). (Reprinted from [37] with permission. Copyright 2013 Elsevier)

Fig. 4 Scheme of assembly and electrochemical strategy for detection of CHOM. (Reprinted from
[38] with permission. Copyright 2011 Elsevier)
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daunomycin adsorbed on a GCE. The DPV peak current of the daunomycin moiety
decreased as the concentration of OVA increased due to the binding between the
OVA and the peptide probe which was released from the electrode surface (Fig. 5)
The calibration curve of the OVA using the peptide probe was linear and ranged
from 1.5 × 10−11 to 3.0 × 10−10 M. Furthermore, this method could be applied to
the electrochemical sensing of the OVA in egg whites and in fetal bovine serum.

3 Electrochemical Biosensors for Food Adulterants

Food adulteration, which induced lost large of money as well as the confidence of
consumers, has been practiced since a long time ago and becomes increasingly in the
last years more sophisticated. Nowadays European consumers are increasingly
demanding information and reassurance not only on the origin but also on the content
of their food. Protecting consumer rights and preventing fraudulent or deceptive
practices such as food adulteration are important and challenging issues facing the
European food industry, as manufacturers are required to provide and confirm the
authenticity and point of origin of food products and their components [40].

Non-authentic food products arise from the adulteration and fraud. The
replacement of original substance partially or completely with more easily available
and cheap substance is the most common procedure performed by defrauders such
as the addition of: (i) flavors/aromas to improve the value of cheap products; and/or
(ii) cheap substances to the food products. Foods and ingredients presenting
high-value are the most vulnerable for adulteration. Therefore, nowadays, the
determination of the authenticity and the detection of adulteration of dairy products
is a major concern in order to: (i) assure the traceability system from milk to fork;
and (ii) ensure that dairy products are correctly labeled in terms of which animals
are actually processed for consumption [3]. Indeed, milk and meat are between the

Fig. 5 Principle of the OVA detection by using a peptide-based biosensor. (Reprinted from [39]
with permission. Copyright 2015 Elsevier)
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25 top foods commonly adulterated [41]. To authenticate food commodities several
standard analytical techniques such as physicochemical, sensory, chromatography,
stable isotope analysis, immunological and enzymatic techniques, DNA and protein
based assays and triacylglycerol analysis have been applied [3, 40]. Although these
methods are considered as the reference ones and able to detect low levels of
adulteration, they are expensive, time consuming, destructive, sophisticated, labo-
rious, and technically demanding and are therefore not suited for on-line or
large-scale operations [3, 40]. Furthermore, adulterants can be revealed with great
difficulty in the context of methods commonly applied in laboratories [40].

For all these reasons, there is a need to develop cheap, fast and efficient ana-
lytical methods for the detection of frauds and authentication of food products. In
comparison with the conventional methods, electrochemical biosensors constitute
very promising tools to determine and/or to detect the authenticity and adulteration
of milk and dairy products; they are rapid, non-destructive, effective and reliable,
require only basic training in a user-friendly software, and low cost per assay.

This book chapter will provide also a comprehensive overview of the applica-
tions of different electrochemical biosensors to determine the authenticity and to
detect the adulteration of dairy products during the last 10 years. Actual examples
illustrating the utilization of these techniques mainly in laboratory environments
will be discussed as well as their advantages and disadvantages.

Electronic aptamer based (E-AB) sensors were developed for the determination
of cocaine [42, 43]. E-AB sensors comprise an aptamer that is attached at one end
to an electrode surface. The distal end of the aptamer probe is modified with an
electroactive redox marker for signal transduction [43]. These sensors are based on
the use of a thiolated DNA strand assembled on gold electrodes and modified at the
other end with methylene blue (MB). In the absence of target, the aptamer is
thought to remain partially unfolded, in the presence of target the rearrangement of
the aptamer structure brings the redox tag in close proximity of the electrode thus
resulting in an increase of the MB reduction peak. While Baker et al. fabricated the
sensor on a *1 mm2 gold electrode, White et al. compared the performance of
three different E-AB architectures (aptamer, concaptamer and pseudosandwich) on
array-based chips containing 36 working gold electrodes. Baker et al. demonstrated
that the “signal-on” sensor responded rapidly (seconds) and specifically to micro-
molar cocaine in adulterated samples and was regenerated via a brief, room tem-
perature wash.

Cao et al. developed a novel and simple electrochemical method for determi-
nation of melamine based on oligonucleotides (d(T)20) film modified gold elec-
trodes [44]. The proved interactions between oligonucleotides and melamine, via
electrostatic and hydrogen-bonding interactions, lead to the increase in the peak
currents of ferricyanide, measured by differential pulse stripping voltammetry
(DPSV), which could be used for electrochemical sensing of melamine. This
approach provided a linear range from 3.9 × 10−8 to 3.3 × 10−6 M and a LOD of
9.6 × 10−9 M. The proposed electrochemical biosensor is rapid, convenient and
low-cost for effective sensing of melamine and was applied successfully to the
determination of melamine in milk products, with a recovery of 95 %.
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Singh et al. described the use of electrochemically prepared PANi/ClO4 doped
films onto ITO electrodes to immobilize DNA as biosensing platform for the
detection of sanguinarine in adulterated multard oil [45]. The ds-DNA was cova-
lently immobilized on the PANi film using EDC and NHS and the basis of this
methodology was the decrease of sanguinarine electrochemical signal after its
binding to ds-DNA by intercalation with insertion between adjacent base pairs of
DNA duplex strand. This genosensor showed acceptable linearity from 1 to 40 μg
and the recovery experiment results found recoveries between 89 and 121 % in
spiked edible mustard oil sources.

An easy, rapid and sensitive method of detection of the presence of meat species
in raw or processed foods was developed by Ahmed et al. [46]. This strategy, based
on the use of loop-mediated isothermal amplification (LAMP) and disposable
electrochemical genosensors, detected by Linear Sweep Voltammetry (LSV) the
change in the anodic peak current of the DNA binder H33258 after its interaction in
solution with the generated loop amplicons (Fig. 6). The comparison with the
multiplex-PCR (M-PCR) detection method demonstrated that this approach was
more specific, reduced the cross-reactivity and avoided the formation of
non-specific amplicons in the detection of meat species in meat containing raw and
processed foods. Moreover, this method, which gave LODs of *20.33 ng μL−1,
78.68 pg μL−1 and 23.63 pg μL−1 for pork, chicken and bovine species, respec-
tively, took only an hour and being isothermal may be a good candidate to become
a portable biosensor for on-site monitoring of meat species identification in raw and
processed foods.

Fig. 6 Species-specific identification using a LAMP amplification-based electrochemical
genosensor. (Reprinted from [46] with permission. Copyright 2010 Elsevier). a Without
amplification product (N). b With amplification product (P). c Gel electrophoresis analysis of loop
amplicons
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4 General Considerations

Although a great variety of bioreceptors have been explored to the development of
electrochemical biosensors: antibodies, single-stranded DNA and aptamer
sequences, whole viable cells and lectins, since the increase in allergen awareness
and regulations, immunosensors are the electrochemical biosensors most commonly
used. Recently, the selection of aptamers for this group of ingredients is emerging.
Electrochemical aptasensors may become a viable option for the development of
more powerful, cleaner and cheaper analytical methods for the detection of aller-
gens and adulterants in food. Particular relevant is that this electrochemical
aptasensors have demonstrated to be good candidates to rival the established
methods of analysis for more reliable quantitation of gluten content in food and
ensure the safety of a wider sector of the celiac disease sensitized population [33].
However, only preliminary assays based on a reduced number of suited aptamers
and at a purely academic stage have been described. There is a clear need for
selection of new aptamers against the great variety of allergenic and adulterant
residues that can be found in food, which is continuously increasing.

It is important to mention also that although quantification of food allergens
using genosensors is a challenging task that only rarely devices have addressed and
results in terms of DNA concentration are meaningless for consumers and often
used as yes/no tools, a genosensor that allows for the first time to quantify the
gluten content in food products has been described recently [16].

In addition, given the sensitivity of persons with allergen sensitivity it can be
predicted that biosensor devices with improved sensitivity based on the use of
nanomaterials, such as QDs [39], AuNPs [14, 19, 23, 28, 37] carbon nanotubes [23]
and graphene [15, 25, 26] will find widespread utility. Moreover, although very
scarcely explored until now, the use of lectins as recognition elements is very
promising to develop simple and cheap biosensing platforms for glycoprotein
allergens determination.

Regarding the electrochemical biosensors for determining adulterants it is
important to mention that the type of bioreceptors applied for these target analytes is
limited to DNA sequences and aptamers. In order to cope with the crucial step of
DNA-probe immobilization, surface-confined stem-loop DNA structures have been
designed and proposed as capture probes with performance superior to linear probes
in terms of ability to discriminate mismatches [15, 30]. Although the applicability
of food adulterants electrochemical biosensors have been less explored, they have
demonstrated great potential to detect melamine in milk and to identify meat species
of particular interest in the food industry.

Worth to mention also the increasing tendency to fabricate these electrochemical
biosensors onto screen-printed electrodes providing the advantages of being dis-
posable and mass produced, with a low manufacturing cost and require low volume
of reagents and samples. Magnetobiosensors have also been described for food
allergens determination [12, 19, 24, 27, 33] making use of the advantages of MBs
in the final performance of electrochemical biosensors in terms of sensitivity,
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reduced assay time and minimization of matrix effects which is essential for the
analysis in complex matrices such as food extracts. Regarding the formats of assay
while direct, sandwich and competitive formats have been employed in electro-
chemical immunosensors and aptasensors developed for allergens determination; all
the approaches reported for adulterants are based on direct assays.

5 Conclusions and Future Prospects

Food quality and safety is of paramount importance from health as well as eco-
nomic point of view. Particularly, the detection of food allergens and adulterants is
an upcoming field, since standard techniques are not able to fulfill current standards
in their determination. The present chapter has reviewed the most recent literature
(over the past 10 years) on electrochemical biosensors development for
food-allergens and adulterants management using a bioreceptor-based classification
and highlighting the most important achievements and the new research trends.

From the discussed literature it is clear that electrochemical biosensors can play a
very helpful role in the detection of food allergens and adulterants and a vital role in
assuring food safety and help to take quicker preventive actions when required.
Featuring high speed of execution, good sensitivity and selectivity, robustness, ease
of use and high degree of automation and portability for in-field applications, they
have demonstrated all the potential for direct, real-time, on-line, monitoring of food
allergens and adulterants along the production chain. However, despite the great
efforts performed in the last years, there are still some important challenges that
should be faced in this innovative application field for electrochemical biosensors.
Off-line measurements, long incubation times and sensitivity to non-specific
binding from matrix components are common open issues, which often constrain
the use of electrochemical biosensors to preliminary proof-of-concept investigations
on standard solutions. Most of the described assays have proved the quantification
of targets in aqueous solutions and only a few faces the analysis of spiked samples.
Moreover, in some cases, the contaminant was added in an intermediate step or
even at the end of sample preparation. There are two relevant issues associated with
real sample analysis: possible electrochemical interferences (1) and efficient
extraction of target analyte from the complex food matrix (2). To avoid electro-
chemical interferences, surface chemistry needs to be carefully optimized, in con-
junction with sample pre-treatment and cleanup. Sample preparation and efficient
extraction of the target analytes remain being the limiting factors for the total
analysis time and final performance of the electrochemical biosensor. While for
liquid samples often times a simple filtration and dilution is sufficient, for solid
samples several steps of extraction and cleanup are necessary. The development of
online sample preparation systems or easy to use kits for rapid sample extraction
and cleanup will also be required in order to facilitate the development of com-
mercial devices and alleviate current problems related to complex and time
demanding sample pre-treatment protocols and the presence of false negative results
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(attributed to non-effective extractions from the food matrix). Moreover, in order to
validate the claim that electrochemical biosensors are reliable alternatives to
existing methods, more efforts should be directed towards participation in profi-
ciency testings, comparative studies using current approaches, analysis of certified
reference materials and more closely consideration of the reproducibility issue.

A great deal of effort should be devoted in these directions in order to exploit all
the attractive features and great potential of electrochemical biosensors in screening
for food allergens and adulterants. Analogously, nanomaterial-based biosensors
were shown to be promising tools for improving sensing performance but there are
still in their infancy in their application to food matrices. Detailed investigations on
the interferences in real sample analysis and evaluation of technological issues
related to the final application to food must be addressed before biosensors can fully
benefit from integrating nanotechnology.

Apart from facing all these challenges, recent trends in the development of
electrochemical biosensors for food field quality and safety include the develop-
ment of portable biosensors, with multiplexing capabilities and amplified analytical
signals.

Finally, giving the on-going demand for devices that can be used outside the
laboratory environment to assess the safety and quality of foods on-site, next years
will witness a steep increase in the number of research studies devoted to elec-
trochemical biosensors for this purpose, where the start of the race to bring to
market aptamer-based assays for different targets of importance in food safety
control will occur. However, it is worth to mention that the transfer of this attractive
technology to market will require also overcoming the resistance of the agri-food
sector, a conservative sector mainly relying on well-known processes and not
focused on emerging technologies. But as food analysts are facing increasingly
complex challenges, they will need the best available technology and this is where
electrochemical biosensors will find their niche.
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Redox Labeling of Nucleic Acids
for Electrochemical Analysis
of Nucleotide Sequences
and DNA Damage

Miroslav Fojta

Abstract Electrochemical methods have been established as potent tools to ana-
lyze nucleic acids (NA) and their interactions, including DNA or RNA
hybridization, DNA-protein interactions, DNA damage, interactions of NA with
diverse small molecules including drugs, pollutants and toxins, and so forth.
Electrochemical NA sensors have been designed and applied for various purposes
related to molecular diagnostics, clinical and environmental analysis, as well as
prompt detection of chemical or biological weapons. These devices and techniques
may work as label-free ones, utilizing intrinsic electrochemical properties of the
NA, or employ electrochemically active and/or enzyme labels to improve their
analytical parameters (namely, sensitivity and selectivity). A palette of electro-
chemically active moieties has been introduced into NA either via chemical mod-
ification of natural NA components (such as thymine bases forming redox active
adducts upon treatment with osmium tetroxide reagents, or terminal ribose in RNA
reacting with six-valent osmium complexes), or via polymerase incorporation of
modified nucleotides. The latter technique, utilizing modified deoxynucleotide
triphosphates as substrates for the polymerases, represents particularly versatile
approach to sequence-specific construction of various modified NA and for mul-
tipotential redox coding of nucleobases by organometallics (ferrocene), transition
metal chelates or electrochemically reducible or oxidizable organic moieties.
A combination of DNA modification with affinity tags (biotin, digoxigenin) with
subsequent attachment of enzymes (peroxidase, alkaline phosphatase) has suc-
cessfully been utilized for signal amplification via biocatalysis.
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1 Introduction

Due to their central role in preservation, transfer and expression of genetic infor-
mation, nucleic acids (NA) belong to most prominent analytes on one hand, or
analytical tools on the other, in a broad spectrum of purpose-designed biosensors
and bioassays. Based on the detection of specific nucleotide sequences, various
organisms, including pathogenic bacteria or viruses, can be identified and detected
in biological samples. Application areas of techniques developed to detect nucleic
acids sequences (see Sect. 1.1) include those utilized in medicinal diagnostics, in
food control (here, detection of transgenes to identify genetically modified crops
represents another typical application besides pathogens) as well as detection of
biological (bacteriological) weapons (various aspects of these techniquers have
recently been reviewed [1–6]). Chemical and/or structural changes in DNA (such as
strand breaks, abasic sites or nucleobase adducts) arising from exposure of the
genetic material to different environmental or endogenic agents and collectively
being referred to as “DNA damage” [7, 8], represent another class of entities for
which specific biosensors and bioassay have been designed. A number of genotoxic
species interact with (usually double-stranded, ds) DNA non-covalently and in such
cases the dsDNA is applied, in various analytical modes, as an affinity substrate to
enrich and/or detect the respective substances. Specific class of the NA-based
affinity sensors and assays are featured by those employing DNA or RNA aptamers,
synthetic in vitro-selected oligonucleotides binding various analytes (from drugs
and other small molecules to proteins) with a high selectivity and affinity [9–11].
Unrepaired DNA damage may give rise to mutations i.e., hereditary changes in the
genetic information featured by substitution, deletion or insertion of one or more
base pairs. Detection of mutations is another application area of DNA sensors and
assays with respect to their relation to severe healthy risks. Regardless of the
particular application, these approaches can employ various detection platforms
(such as optical including fluorescence [12, 13] or surface plasmon resonance
(SPR) [4], microgravimetric [14], or electrochemical [2, 5, 6]) and may be designed
as either label-free (utilizing solely intrinsic physico-chemical properties of NA or
substances interacting with them) or employing various labels or indicators to
improve their analytical parameters. This chapter is focused on techniques of NA
labeling for the analysis of nucleotide sequences and DNA damage using electro-
chemical methods.

1.1 Analysis of Nucleotide Sequences

Apart from de novo sequencing of full genomes, nowadays employing fast,
high-throughput so called “next generation DNA sequencing methods” developed in
the late 1990s [15, 16], the majority of techniques developed for analyzing NA
sequences use NA hybridization principle based on the inherent ability of two
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complementary NA strands to form the DNA double helix. In the analytical sense,
NA hybridization refers to the formation of the duplex NA of a probe (designed to
display a specific nucleotide sequence) and a target DNA or RNA strand comple-
mentary to the probe [5, 17–19]. The probe can be featured by a piece (oligonu-
cleotide, typically 20–30 base pairs) of DNA, RNA or a synthetic NA analogue (e.g.,
peptide nucleic acid, PNA [20]; or locked nucleic acid, LNA [21]) developed to
improve selectivity of the hybrid formation (such as sensitivity to the presence of
base mismatches). Depending on detection platform used in the given assay, the
probe or the target can be modified with a suitable label (e.g., radionucleotide,
fluorophore, electrochemically active group or affinity tag such as biotin; for more
details see Sect. 3). A typical DNA hybridization assay involves immobilization of
one of the hybridizing strands (target sequence or the capture probe) on a surface
(nitrocellulose membrane as in classical Southern blot assays [22, 23], glass plate as
in gene arrays employing fluorescence labeling [13], metal-coated glass prism as in
SPR biosensors [4], electrode surface in electrochemical DNA hybridization
biosensors [2, 6], or magnetic beads in techniques combining magnetic separation
and target enrichment with, in principle, any detection platform [11, 19]). After
additional steps typically involving washing and blocking of the surface against
non-specific adsorption of the other hybrid-forming strand (signaling probe or target
NA) or any other component of the detection system, the hybridization step is
performed, followed by another washing cycle and detection. Some detection
platforms allow monitoring of all these steps in real time (e.g., SPR [4]).

Another approach of the detection of specific DNA sequence stretches eploys
amplification of specific DNA fragments by the polymerase chain reaction
(PCR) [24, 25], cyclic DNA replication in vitro. It should be emphasized that the
PCR application is essentially based on the DNA hybridization principle as well; in
this case, the sequence specificity is rendered by hybridization (annealing) of PCR
primers with corresponding sites in the template DNA, delimiting the fragment to
be amplified. Amplification products can be detected by various techniques either
after running certain number of PCR cycles or in real time (more exactly, cycle by
cycle). The real time PCR techniques are well-suited for quantification of the initial
concentration of template i.e., specific DNA sequence to be determined in a sample
[26, 27]. This technique is frequently utilized for quantifying RNA sequences to
determine transcription of specific genes. In this case, RNA sequences are first
converted into complementary DNA (cDNA) by RNA-dependent RNA polymerase
(reverse transcriptase) which is then subjected to PCR amplification [28, 29].

Besides the detection of a DNA or RNA sequence stretches e.g., to identify
and/or detect pathogenic microorganisms, transgenes, or to monitor gene expres-
sion, changes in the nucleotide sequences featuring mutations are commonly
applied. One group of these techniques applied to detect point mutations (exchange,
insertion or deletion of a single base pair) is based on mismatch-sensitive DNA
hybridization, utilizing reduced stability of duplexes (heteroduplexes) formed of a
wild-type probe and a mutated target (or vice versa) [30, 31]. Under specific
conditions, particularly optimized hybridization temperature and medium compo-
sition, the heteroduplexes are not stable in contrast to perfectly matched
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homoduplexes. In additon, even under less stringent conditions allowing existence
of the heteroduplexes, the mismatches can be detected on the basis of altered
structure of the DNA double helix at these sites [32, 33] (an example will be
discussed in Sect. 3.1). The other group of techniques applied for the detection of
mutations is based on polymerase “minisequencing” or “resequencing” of the
mutation sites and typically employ labeled nucleosides to incorporate them, on the
basis of Watson-Crick base pairing, opposite of the expected site of mutation [34,
35]. Examples will be given in Sect. 3.2.

1.2 Analysis of DNA Damage

The most common products of DNA damage include abasic sites (due to hydrolysis
of the N-glycosidic bonds linking the base residue to deoxyribose), strand breaks
(sb; i.e., interruptions of the DNA sugar phosphate backbone), 8-oxoguanine
(8-OG) arising from oxidative DNA damage or base deamination products (e.g.,
uracil or hypoxanthine) induced by some known mutagens (such as nitrous acid or
bisulfite) [7, 8]. Among others, pyrimidine dimers arise from UV-irradiation of
DNA induced by sunlight. Different bulky adducts may be formed due to DNA
interactions with metabolically activated carcinogens such as aromatic amines or
polycyclic aromatic hydrocarbons. Intrastrand or interstrand cross-links are formed
via DNA reactions with bifunctional agents such as antitumor agent cisplatin or a
chemical weapon yperite. To analyze damaged DNA and to identify specific
products of DNA interactions with the genotoxic species, various analytical tech-
niques were developed. Basically, two groups of techniques can be distinguished.
In the first, the analyzed DNA is hydrolyzed into monomeric components
(mononucleotides, nucleosides or even free bases, deoxyribose and phosphate) and
the DNA damage products are identified and quantified by chromatographic,
electrophoretic and/or mass-spectroscopic techniques [36–38]. A variety of DNA
adducts have been analyzed by means of so called 32P-postlabeling technique [39,
40] involving adduct-selective enzymatic DNA hydrolysis followed by introduction
of 32P radionucleotide, thin layer chromatographic separation and autoradiographic
detection.

The other group of techniques is used to measure changes of features of whole
DNA molecules upon their damage. Most of these approaches utilize, as the final
step, determination of DNA sb by means of gel electrophoresis. Using agarose gel
electrophoresis, single (ssb) or double strand breaks (dsb) can be determined with a
high sensitivity via relaxation or linearization of supercoiled (sc) plasmid DNA
molecules [41, 42]. “Comet” assay is a technique developed to assess the abun-
dance of dsb in genomic DNA of a single cell exposed to DNA damaging condi-
tions [43]. A modification of this technique, alkaline elution assay in which the
electrophoresis is run under alkaline denaturing conditions [44, 45], reveals the
presence of ssb and alkali-labile sites (together with the dsb), the latter featuring
sites of nucleobase lesions. Combination of the electrophoretic methods with DNA
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digestion by lesion-specific DNA repair enzymes (N-glycosylases and/or endonu-
cleases) has been employed to detect specifically e.g., abasic lesions, uracil or 8-OG
[45, 46]. Abundance of 3‘-OH ends of DNA i.e., strand breaks formed by the action
of specific endonucleases (such as those involved in apoptosis or DNA repair) can
be estimated by the “TUNEL” test [47], a technique based on labeling of free 3’-OH
polynucleotide termini through a reaction catalyzed by a terminal nucleotide
transferase. Many of these principles can be combined with other detection tech-
niques, including electrochemical methods.

2 Electrochemical NA Sensing

Among other detection techniques, the electrochemical ones proved a great
potential in NA analysis (reviewed e.g., in [2, 48, 49]). Natural NA as well as their
synthetic oligonucleotide (ON) analogues possess intrinsic electrochemical activity
owing to the presence of nitrogenous nucleobases. Irreversible electrochemical
reduction of cytosine and adenine moieties at mercury and silver amalgam [50]
electrodes is manifested in a single common signal (peak CA, in random NA
sequence). In addition, chemically reversible reduction/oxidation of guanine on
mercury and amalgam electrodes gives rise to an anodic peak specific for this base
(peak G) [51, 52]. The mercury-containing eletrodes have also been utilized to
measure specific tensammetric (capacitive) signals connected with
adsorption/desorption (reorientation) processes undergone by the NA at negatively
charged electrode surface (reviewed in [2, 49]). The latter signals, as well as the
cathodic peak CA, are strongly sensitive to changes in the DNA structure, and have
been widely utilized in electrochemical studies of DNA structural transitions and in
sensing of DNA damage (reviewed in [7]). All nucleobases have been demonstrated
to undergo irreversible electrochemical oxidation on various types of carbon
electrodes, and especially the oxidation peak of guanine has found wide application
in label-free NA electroanalysis, detection of DNA damage [7], as well as DNA
hybridization [6]. Besides the label-free approaches, utilizing solely the electro-
chemical activity of natural DNA components (albeit sometimes mediated by
suitable redox species, such as ruthenium complexes used for catalytical oxidation
of guanine residues [53]), a number of techniques based on applications of redox
labels or indicators or labels have been introduced [54–57]. Techniques of elec-
trochemical DNA labeling and their applications are reviewed in Sect. 3.

2.1 Adsorptive Stripping of NA and NA-Modified Electrodes

Electrochemical analysis of nucleic acids usually utilizes stripping techniques to
reach a high sensitivity of NA detection by adsorptive preconcentration at the
electrode surface. Owing to a high adsorptivity of NA and their analogues on
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mercury, amalgam or carbon electrodes, a high surface concentration of the NA can
be achieved after a short accumulation time (one or several minutes) even when its
solution concentration is low [49]. Moreover, adsorption of NA at the above
mentioned electrodes is firm enough to resist medium exchange [2, 58]. Thus, NA
can be adsorbed at the electrode from a small (several microliters) drop of sample
solution to create a NA-modified electrode. Responses of the adsorbed NA are then
measured in a usual electrochemical cell in blank (lacking any NA) background
electrolyte. This procedure, called adsorptive transfer stripping (AdTS), medium
exchange or ex situ electrochemical analysis, has extended application possibilities
of nucleic acids electrochemistry: (i), low requirements of the sample volume has
made AdTS procedures suitable for analyzing samples that are usually not available
in large quantities, including sample series in typical magnetic beads-based NA
assays (see below); (ii) some limitations inherently connected with the conventional
electrochemical measurements (such as the necessity of dissolving the analyte in
media in which the given electrode process can take place) are circumvented via the
medium exchange; (iii) an electrode with adsorbed NA layer can be used as a
simple electrochemical biosensor. DNA modified mercury, amalgam or carbon
electrodes have successfully been applied as biosensors for DNA damage [7, 42]. In
the area of DNA hybridization sensors, carbon electrodes with probe or target DNA
simply adsorbed onto the electrode surface have been successfully applied [28, 59,
60] in addition to other solid electrodes modified with covalently immobilized
capture probes (e.g., thiolated ONs chemisorbed on gold or carbon electrodes with
ON probes attached via carbodiimine chemistry [2, 61, 62]).

2.2 Techniques Combining Separation on Magnetic Beads
with Electrochemical Microanalysis

Magnetic beads (MB) modified with various biomolecules (nucleic acids, strepta-
vidine, antibody-binding proteins, antibodies etc.) are commercially available tools
frequently used for convenient affinity capturing, enrichment and isolation of
specific biomolecules from complex matrices (such as biological samples) [11, 19].
Among other applications, the MB have been applied in techniques developed for
detecting DNA hybridization [18, 63–65], DNA-protein interactions [33, 66–68],
studies of chemical modification of DNA [69] or preparative strand separation [35,
70, 71]. These procedures can conveniently be connected with AdTS electro-
chemical analysis. Compared to “classical” concepts of electrochemical DNA
sensors, using the same (electrode) surface for probe immobilization, binding of the
affinity partner and detection, the MB-based techniques have been named by
Palecek et al. “double-surface” i.e., using two different surfaces for interaction and
detection [19]. The latter concept allows in principle much easier optimization of
both steps because, being spatially separated, they do not affect one another. The
carrier surface need not be electrically conductive and possess other properties
critical for analytically applicable working electrodes. On the other hand, the
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detection electrode and electrochemical technique can be chosen only with respect
to the particular analyte and given electrode process: one electrode type may be best
suited for label-free NA detection while another for determination of e.g., modified
signaling probes labeled with electrochemically active tags or for detection of
electroactive indicators generated in techniques employing enzyme labels (see
below). In such applications, the working electrodes do not require specific labo-
rious pretreatment and can include any of the electrodes suitable for AdTS elec-
trochemical analysis of NA or simple organic compounds generated as indicator
products in enzyme-linked techniques (e.g., mercury, silver amalgam and various
types of carbon electrodes, such as pyrolytic graphite, carbon paste, pencil graphite,
or screen printed electrodes).

3 Labeling of NA for Electrochemical Sensing and Its
Applications

To improve sensitivity and selectivity of electrochemical analysis of NA, various
extrinsic electroactive species have been applied. One group of such species include
soluble redox indicators that selectively interact with dsDNA non-covalently,
typically via intercalative or groove binding [54, 55] and provide discrimination
between duplex (target-probe hybrid or intact dsDNA) and single stranded (probe
or target alone) or damaged DNA. Another group includes covalently bound redox
moieties that are used to label a nucleotide sequence (hybridization signaling probe
[72] or a sequence-specific DNA target for DNA-protein interaction studies [67]),
or even to encode a specific nucleotide (e.g., for the detection of point mutations or
single nucleotide polymorphisms). The following sections are devoted to tech-
niques of covalent redox labeling of NA and their selected applications.

3.1 Modification of Nucleic Acids with Oxoosmium
Complexes

3.1.1 Modification of Nucleobases with Osmium Tetroxide Reagents

Osmium tetroxide reacts with alkenes to give vicinal diols in a reaction involving
[3 + 2] addition of osmium tetroxide on the C = C double bond giving rise to an
osmic acid diester glycolate, that is subsequently hydrolyzed to corresponding
glycol moiety and osmate (reviewed in [56]). Analogous reactions are given by
various compounds possessing the C = C double bonds, including pyrimidine
nucleobases (at C5 = C6). It has been further shown that tertiary amines such as
2,2’-bipyridine (bipy), 1,10-phenanthroline (phen) derivatives, or N,N,N’,N’-te-
tramethyl ethylenediamine (TEMED), stabilize the osmate glycolates due to coor-
dination of the central osmium atom by the nitrogenous ligands. Products of
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modification of the pyrimidines with osmium tetroxide in the presence of the
nitrogenous ligands are stable adducts retaining the osmium moiety and the given
ligand (Fig. 1a). In contrast, nucleobases do not react with analogous oxo-osmium
(VI) complexes (see Sect. 3.1.2) under anaerobic conditions [73, 74]; however, in
the presence of ambient oxygen or other oxidants, such as hexacyanoferrate(III) or
N-methylmorpholine N-oxide [75], the above mentioned products of reactions at
the C = C double bonds are formed.

In nucleic acids, reactions with the osmium tetroxide complexes (further referred
to as Os(VIII),L) are strongly selective for pyrimidine nucleobases (reviewed in

(a)

(b)

Fig. 1 Modification of nucleic acids with oxoosmium complexes. a Reaction products of Os
(VIII),bipy with thymine nucleobase and of Os(VI),bipy with ribose. b Schematic representation of
sites in DNA comprising thymine residues reactive to Os(VIII),bipy (in red)
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[56]). Remarkable differences in the reactions rates with OsO4 or Os(VIII),L have
been observed among natural pyrimidines differing in substituents at position 4 and
5. In general, keto group at C4 and methyl group at C5 facilitate modification at
C5 = C6 of thymine (4-keto, 5-methyl) modification proceeds by an order of
magnitude faster, compared to modification of cytosine (4-amino, no methyl), while
reaction rates observed for uracil (4-keto, no methyl) and 5-methylcytosine
(4-amino, 5-methyl) are intermediate [56, 76].

The DNA-Os,L adducts exhibit distinct electrochemistry due to the presence of
the osmium central atom which gives several analytically useful faradaic signals due
to consecutive redox processes [77]. Moreover, the final reduction step at mercury
electrodes is coupled to catalytic hydrogen evolution [77] allowing determination of
low concentrations of the osmium-labeled DNA (or low levels of DNA modifica-
tion). Besides the mercury drop electrodes, the osmium catalytic processes were also
observed at glassy carbon electrodes covered with mercury film [78] and at solid
silver (AgSAE) or copper amalgam electrodes modified with mercury meniscus
[79]. At carbon electrodes, faradaic current signals due to reversible redox processes
of the osmium moiety can be measured [63, 72, 80]. Redox potentials of the
DNA-Os,bipy adducts differ from those of the free Os(VIII),bipy reagent, which in
principle allows to determine the DNA-Os,bipy in the presence of unbound com-
plex. Further, the redox potentials of the osmium DNA markers depend on the
nitrogenous ligands, making it possible to use different ligands for “multicolor”
(multipotential) DNA coding [72]. The faradaic responses of the osmium-modified
DNA have also been measured with gold electrodes [81–85].

Applications related to DNA hybridization. Os(VIII),L modification of signalling
(reporter) probes or target DNAs has been introduced as a convenient approach to
analyzing DNA sequences via DNA hybridization [63]. ON probes comprising a
5’- or 3’-terminal oligo(T) tail attached to a recognition sequence have been
designed, in which the osmium labels were naturally accumulated in the oligo(T)
tail. Using longer tails (20–30 thymines) adopting corresponding number of the
osmium labels it has been possible to reach remarkable signal amplification
resulting in low detection limits. To obtain an osmium-labeled RP capable of
hybridization (i.e. with intact recognition sequence), modification of nucleobases
within the probe recognition segment has to be precluded. When the probe contains
a homopurine recognition stretch and the oligo(T) tail, it can be safely treated with
Os(VIII),L in its ss form thanks to a highly preferential modification of the thymine
residues and very low reactivity of purine bases towards the osmium reagent [63,
72]. Probes possessing cytosine (but not thymine) residues within the recognition
sequence can be modified without losing their hybridization capacity using milder
reaction conditions. However, in the case of probes designed for hybridization with
target DNA sequences involving all four nucleobases, the recognition stretch of the
probe must be protected during the modification reaction by “protective strands”—
ON complementary to the probe recognition sequence. Then only thymine residues
in the oligo(T) tail (forming a ss overhang) are exposed to the reagent, while those
within the specific sequence are hidden within duplex DNA and do not react with
Os(VIII),L. Separation of the labeled probe strand from a terminally biotinylated
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protective ON can be attained using MB covered with streptavidine [56]. In this
way, signalling probes labeled with various Os(VIII),L reagents (differing in the
ligand L to “tune” redox potentials of the probes) were prepared and applied in
parallel analysis of multiple target DNA sequences. An alternative approach
developed by Flechsig et al. [84] has been based on the application of protective
strands involving several mismatches with respect to the recognition sequence in a
target DNA. Due to these mismatches, strand exchange between the protective
oligonucleotide and the fully complementary capture probe (attached via thiol
linkage to a gold electrode) is favored towards formation of the more stable fully
matched hybrid and thus the extra strand separation step can be omitted. The latter
technology has been used in a variety of applications to detect synthetic as well as
natural PCR-amplified target DNAs [82, 83, 85–87], including sequences related to
transgenes present in genetically modified crops [87].

Applications related to DNA damage. As mentioned above, modification of
thymine residues with Os(VIII),bipy in dsDNA (where they are base-paired with
opposite adenines) is precluded, in contrast to facile modification of unpaired
thymines in ssDNA (Fig. 1b). Hence, DNA lesions resulting in disruption of the
base pairs, as well as those convertible into ssDNA, can in principle by detected via
chemical probing with Os(VIII),bipy to improve structure selectivity and sensitivity
of electrochemical DNA damage detection. For example, label-free detection of
DNA strand breakage via measurements of guanine oxidation signal at carbon
electrodes is inherently much less sensitive, compared to label-free determination of
DNA strand breaks with mercury electrodes [7]. While down to one break per 105

nucleotides (i.e., a ssb in one per cent of plasmid DNA molecules) can easily be
detected by voltammetry at mercury electrodes [42], using carbon electrodes (which
are otherwise better suited for applications in biosensing due to their non-toxicity,
mechanical stability, disposability and low cost) it is practically possible to detect a
ssb per one plasmid DNA molecule [88]. Nevertheless, combination of DNA
treatment with E. coli exonuclease III (EXOIII) to generate terminal or internal ss
regions in dsDNA and their subsequent Os(VIII),bipy modification has provided a
highly sensitive detection of DNA damage with carbon electrodes [89]. Covalently
closed circular duplex DNA molecules lacking any ends are not substrate for the
EXOIII enzyme. Once the DNA molecule contains a ssb, the enzyme degrades one
of the dsDNA strands from its 3’-OH terminus, generating ssDNA stretch in the
other strand which then accumulates the osmium tags. Other types of lesions can be
detected in this way as well after their conversion to the strand breaks by suitable
DNA repair glycosylases and/or nucleases.

A basic lesions featured in sites of missing adenine residues, leaving opposite
thymines unpaired, represent another class of entities reactive towards Os(VIII),
bipy [90] (Fig. 1b). It was demonstrated that, besides simple direct voltammetric
determination of the DNA-bound osmium, also indirect immunochemical approa-
ches can be applied. Binding of an anti-DNA-Os,bipy antibody to the
osmium-DNA adducts can be monitored either via an enzyme-linked electro-
chemical assay (see Sect. 4 for more details), or via acoustic thickness shear mode
detection. Similarly, thymines in single-nucleotide bulges (resulting from insertion
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mutations) or base mismatches (resulting from single base substitutions) can easily
be detected through introduction of the osmium marker at the unpaired or mispaired
thymine followed by AdTS voltammetry at the pyrolytic graphite electrode [32].

3.1.2 Modification of Terminal Sugar Residues in RNA
with Six-Valent Osmium Complexes

In general, vicinal diols, including those present in carbohydrate moieties, undergo
condensation reactions with six-valent osmium (osmate) complexes Os(VI),L,
yielding osmate glycolates [91] (Fig. 1a). The Os(VI),L readily react with
cis-1,2-diols, and usually do not react with trans-1,2-diols; nevertheless, exceptions
from this rule were identified for e.g., some glucose derivatives. Application of Os
(VI),Lmodification to introduce redox labels into oligo- and polysaccharides [92, 93],
as well as glycan components of glycoproteins [94] were reported. Attention has been
also paid to modification of ribose moieties in ribonucleosides and ribonucleotides
[74, 95, 96]. K2OsO2(OH)4, in the presence of suitable nitrogenous ligands, reacted
with the sugar residue of all usual ribonucleotides. Os(VI),bipy showed specific
modification of ribose in thymine and adenine ribosides in comparison with unre-
active deoxynucleosides; nomodification of thymine basewith the six-valent osmium
was observed under anaerobic conditions. In contrast, Os(VIII),bipy reagent modified
only the thymine base; the two reagents thus offer exclusive modification of NA
components on either ribose sugar, or on pyrimidine nucleobase [74]. Specific 3‘-OH
terminal labeling with Os(VI),bipy has been utilized in the development ofMB-based
electrochemical techniques for the detection of microRNAs, important biomarkers
related to severe diseases including cancer [17, 97].

3.2 Polymerase Incorporation of Redox-Labeled
Nucleotides

A potent and highly versatile approach to preparation of labeled (or, generally,
chemically functionalized) nucleic acids consists in the incorporation of modified
nucleotides into NA (ON) by polymerase enzymes, using corresponding modified
deoxynucleotide triphosphates (dNTP) as precursors (reviewed in [57, 98]). The
external conjugate groups may be attached to the nucleotides on sugar moieties or
on nucleobases, and may comprise fluorophores [99], chemically reactive groups
for further conjugation reactions [100–102], bioaffinity tags (biotin or digoxigenin)
[28, 34] as well as electrochemically (redox) active moieties [55, 57]. While some
of the modified dNTPs are commercially available (e.g., those labeled with
fluorescein, biotin, digoxigenin, electroactive ferrocene or azide for subsequent
coupling reactions via click chemistry), development of new types of labels and
labeling approaches represents a dynamically developing field of NA research.
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Development of electrochemically labeled dNTPs in recent years opened new
possibilities in electrochemical NA sensing. Incorporation of the labeled nucleo-
tides into DNA is potentially useful not only for preparation of labeled
hybridization probes, but also for approaches based on sequence-specific intro-
duction of the electroactive tags (e.g., detection of expected mutations via DNA
minisequencing [35, 71, 103]). Moreover, application potential of these techniques
can be further extended by application of electrochemically or chemically switch-
able labels [104, 105] or by ratiometric analytical approaches [70], as presented and
discussed in the following paragraphs.

3.2.1 Base-Modified Redox-Labeled dNTPs

Recently developed facile synthesis of base-modified dNTPs using aqueous
cross-coupling reactions (reviewed in [98]) has resulted in considerable extension
of the portfolio of redox-labeled nucleotides. Depending on the nature of the
external conjugate groups and related reaction conditions, either direct
cross-coupling of these moieties to dNTPs, or modification of nucleosides followed
by their triphosphorylation, have been applied. With respect to compatibility of
base modifications with subsequent polymerase reactions (see Sect. 3.2.2), either
pyrimidines substituted at position 5, or 7-deazapurines substituted at position 7
have been selected for these studies (Fig. 2) (C8-substituted purine dNTPs are not
accepted by the polymerases as useful substrates). The dNTP modifications are
typically prepared via Sonogashira cross coupling reaction of corresponding iodi-
nated nucleosides or dNTPs and ethynyl derivatives of the label to be attached, or
via Suzuki-Miyaura reactions of the iodinated precursors with arylboronic acids.

Redox active moieties coupled to the dNTPs in this way include “classical”
reversible redox systems such as ferrocene, tris-bipyridine complexes of Os3+/2+ or
Ru3+/2+ (in which the redox electrochemistry is rendered by the metal component)
[35] or athraquinone (quinone/hydroquinone redox couple) [104]. Another group of
newly developed redox labels include organic nitrogenous and/or oxygenous
moieties which are electrochemically reducible (e.g., nitroderivatives [71], benzo-
furazane [70], hydrazones [100, 106, 107], aldehydes [100], azidophenyl [105]) or
oxidizable (e.g., aminoderivatives [71], methoxyphenol or dihydrobenzofuran
[108]). Albeit electrochemical processes and signals yielded by these substances are
usually irreversible, some of them exhibit other convenient properties such as high
electron yields upon their electrochemical transformation, offering a high sensitivity
of detection (e.g., the nitro group undergoes four-electron reduction on mercury and
carbon electrodes, while benzofurazane is reduced with six electrons on merury and
apparently with four electrons on carbon; both labels give very well developed and
analytically useful signals [70]).
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3.2.2 Construction of labeled DNA using polymerases
and modified dNTPs

Primer extension. DNA-dependent DNA polymerases, key enzymes involved in
DNA replication as well as repair processes, work on the principle of template
sequence-driven attachment of a nucleotide (using dNTP as an activated precursor)
to terminal 3‘–OH group of RNA or DNA primers (Fig. 3a). Using this primer
extension (PEX) reaction and suitable modified dNTPs, labeled DNA can easily by
prepared with the modified nucleotides incorporated sequence-specifically accord-
ing to the template (complementary) sequence [57, 98]. It was shown that Klenow
fragment of bacterial DNA polymerase I and a number of thermostable DNA
polymerases belonging to the “B-family” (e.g., Vent, Pwo, KOD) tolerate the
presence of a number of modifications on sugar as well as at 4-position of
pyrimidines or 7-position of 7-deazapurines. Some limitations in the PEX efficiency
may arise from steric effects when two or more base-modified nucleotides bearing
bulky external substituents are incorporated in adjacent positions [35].
Nevertheless, for a preparation of multiply tail-modified probes (in analogy to the

Fig. 2 Scheme of base-modified deoxynucleoside triphosphates and examples of nitrogenous
and/or oxygenous organic compounds designed as electrochemically reducible or oxidizable labels
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above mentioned probes chemically modified with Os(VIII),L [63]) it is easy to
design suitable templates (e.g., to avoid homonucleotide clusters) and optimize the
modification process.

Polymerase chain reaction and two-step DNA modification. The polymerase
chain reaction (PCR) is widely used for amplification of specific DNA fragments
for preparative or diagnostic purposes. The technique has successfully been utilized
for the preparation of DNA fragments bearing e.g., 7-deazapurines as analogues of
natural purine bases [109], biotinylated nucleotides [60] or some relatively simple
base-modified nucleotide conjugates such as those bearing formylthiophene moi-
eties [100, 101]. However, in other cases the preparation of densely modified PCR
products is even more challenging than in PEX, because, in addition to the above
mentioned problem with clustered incorporation of bulky adduct into the daughter
strand, in PCR the polymerase must cope with reading of the modified template
strand. When rather bulky modifications are to be incorporated into PCR products,
these obstacles can be circumvented by a two-step DNA modification protocol: in
the first step, relatively small reactive groups are introduced by PCR, which are
subsequently used for DNA postsynthetic modification with the ultimate labels.
This approach was successfully applied for the preparation of hydrazone-modified
DNA, where the reactive moiety incorporated by the enzyme was formylthiophene
and the formyl groups were then reacted with hydrazine derivatives [100, 101].

Terminal transferase catalyzed DNA tailing. Terminal deoxynucleotidyl trans-
ferase (TdT) is a template-independent DNA polymerase synthesizing ss tails via
consecutive attachment of nucleotides (using dNTPs as substrates) at the 3‘-OH end
of ss or ds primers (initiators, Fig. 3b). TdT has been used in the area of recom-
binant DNA construction to add sticky ends to cloned DNA fragments [110]. It has
been demonstrated that the enzyme can also be used for synthesis of modified DNA
tails to introduce multiple redox tags into hybridization probes or substrates for
protein-DNA interaction studies [111].

3.2.3 Utilization of specific features of the redox DNA labels

Multipotential redox coding of nucleobases and SNP typing. Since reduction of
natural nucleobases takes place at relatively highly negative potentials (on
mercury/amalgam electrodes) and oxidation at rather positive potentials (on carbon
electrodes), there is a relatively wide region of potentials available for measuring
electrochemical signals of various DNA labels without interference with the
intrinsic DNA signals (Fig. 4). The labels can be chosen according to potentials of
their reduction and/or oxidation so that their signals do not mutually overlap and the
signals can be measured independently on each other. Hence, a combination of
different redox labels can be utilized in electrochemical typing of SNPs, as
demonstrated previously for a combination of nitrophenyl, [Os (bipy)3]

3+/2+ and
aminophenyl to encode three different nucleobases [35] or, quite recently, for a
combination of ferrocene, anthraquinone, methylene blue and phenothiazine to
complete the set of all four DNA bases [103]. Besides differences between the
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redox potentials, also the reversibility or irreversibility of corresponding electrode
process can be used for unequivocal identification of the given redox-encoded
nucleobase. Combination of two or more independently detectable labels can also
be utilized for ratiometric analytical techniques, suitable for the determination of
relative changes of the abundance of different nucleobases in a DNA sequence
stretch [70]. This approach to the detection of mutations, in which one redox-coded
nucleobase is used as an internal standard to determine alterations in the number of
another one, overcomes a general problem of microanalytical techniques with

(a)

(b)

Fig. 3 Scheme of enzymatic incorporation of labeled nucleosides into DNA: a primer extension;
b terminal deoxynucleotidyl transferase (TdT) tailing
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difficult control of the total analyte (DNA) concentration (unlike the absolute
intensity of a signal, the ratios of signal of two labels introduced in the same DNA
molecule are concentration-independent).

Switchable redox labels. Specificity of redox DNA labeling can be further
increased by using moieties which are either electrochemically, or chemically
convertible to products which exhibit electrochemical activity different from that
displayed by the originally introduced species. For example, product of the irre-
versible four-electron reduction of nitrogroup is a corresponding hydroxylamine
derivative, which can be oxidized to nitroso derivative in a reversible two
electron-two proton process [104, 112]. Such signal switching has been demon-
strated to solve a problem with overlapping reduction signals of nitrophenyl and
anthraquinone, which preclude their distinction during the primary reduction but
can be determined independently after conversion of the nitro group into the
hydroxylamino/nitroso system (see Fig. 4 for relative peak positions). Signals due
to the latter redox processes can be switched on only via reduction of the nitro
derivative and thus do not interfere before applying sufficiently negative potentials
[104]. Similarly, the guanine signal measured on mercury electrodes is “activated”
only upon applying potentials more negative than −1.6 V and thus does not appear
and interfere with other analytical signals until it is desirable.

Another way to switching electrochemical signals on/off involves chemical
conversion of polymerase-introduced moieties into the ultimate labels. Reaction of
aldehyde groups with hyrazine to form hydrazones (Fig. 5a), mentioned above in

potential/V

Gox Aox

CA

-1.5                 -1.0                -0.5                   0                   0.5                  1.0                 1.5

Tox
C ox

ferrocene [Os (bpy)3]3+/2+

NO2

AQ
oxosmium

oxoosmium (cat)

carbon electrodes

mercury or amalgam electrodes

NHOH/NO

MPO NH2

N3BF

Fig. 4 Schematic representation of reduction and oxidation signals of unmodified DNA (black
curves; CA, peak due to reduction of A and C residues; Gox, Aox, Tox and Cox, signals due to
oxidation of corresponding nucleobases) and electrochemical responses of selected DNA labels (in
color). The signals are shown on potential scale (potential values measured against Ag/AgCl/3 M
KCl reference electrode). AQ anthraquinone, MPO methoxyphenol, BF benzofurazane, N3

azidophenyl, NO2 nitrogroups; NH2 amino groups, NHOH/NO hydroxylamino/nitroso redox
couple generated via reduction of nitrogroup; oxoosmium—NA adducts with Os(VIII),L or Os
(VI),L reagents; oxoosmium (cat)—osmium reduction coupled to catalytic hydrogen evolution.
Irreversible oxidations and irreversible reductions are denoted by positive or negative peaks,
respectively, reversible redox processes by peak-counterpeak pairs
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relation to two-step DNA labeling techniques, is one of typical examples: due to
such conversion, the formyl-specific reduction signal decreases while signals due to
electroactive moieties present in the reaction products appear (i.e., the hydrazone
C = N bond and groups attached via the hydrazone linkage—nitro groups or and/or
benzofurazane, as presented in [100]). From relative changes of the primary and
secondary signals, the conversion degree can be deduced. Another example com-
prises polymerase-incorporated phenylazide group (yielding a strong reduction
signal on mercury-based electrodes) click-transformable into corresponding sub-
stituted triazoles in reactions with acetylene derivatives (Fig. 5b) [105]. The triazole
group has been found to be electrochemically “silent”, hence after the click reac-
tion, the modification-specific (phenylazide) signal disappears. When an acetylene
derivative bearing another redox-active moiety (such as nitrophenyl) is used for the
click reaction, the resulting product yields a signal specific for the latter; thus,
similarly as above, the conversion degree can be assessed from relative changes of
the disappearing (phenylazide) and appearing (nitrophenyl) signals. This system has
been utilized to monitor shielding effects of a DNA-binding protein [105].

4 DNA Labeling with Enzymes and Biocatalytical Signal
Amplification

Enzymes as biocatalytic labels were introduced in connection with various
immunoassays, employing various enzyme-antibody conjugates, usually in sand-
wich detection systems (e.g., enzyme-linked immunosorbent assays commonly
well-known as ELISA, or western immunoblot assay). Enzymes applied in these
techniques include, for example, horse radish peroxidase, β-galactosidase or alkaline
phosphatase, and substrates chosen according to the detection technique applied,
with colorimetry or enhanced chemiluminiscence featuring typical examples. The
enzyme-linked techniques can also be coupled to electrochemical detection of
product of the enzyme reactions [113, 114]. Since one molecule of the enzyme can
catalyze conversion of many molecules of (electrochemically silent) substrate into
many molecules of (electroactive) indicator, the enzyme-linked detection systems
are inherently offering a high sensitivity of the target molecule detection. Typical
examples of these indicators are electrochemically oxidizable phenols (e.g.,
1-naphthol) or reversible redox p-aminophenol, both released by alkaline phos-
phatase from corresponding inactive phosphoesters. To attach the enzymes to NA,
bioaffinity (biotin-streptavidin or antibody-hapten) interactions are usually utilized.

a. DNA modification with biotin for enzyme-linked electrochemical assays
DNA hybridization assays employing biotin-labeled signaling probes with subse-
quently attached streptavidin-alkaline phosphatase conjugate (SALP) have been
successfully used in various experimental modes. One group of techniques have
been based on application of magnetic beads, on which the capture
probe-biotinylated target DNA-SALP conjugate was assembled and the
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electroactive indicator generated, being subsequently determined voltammetrically
in the supernatant [18, 34]. Other techniques have involved adsorption of target
DNA at a carbon (pyrolytic graphite or screen-printed) electrode surface,
hybridization with biotinylated probe, attachment of SALP and enzymatic gener-
ation of the soluble indicator directly at the electrode, with subsequent voltammetric
measurement directly in the substrate solution. The latter approach appeared useful
for a fast, simple and relatively inexpensive analysis of real PCR-amplified DNA
samples, including amplified cDNA resulting from reverse transcription of RNA to
monitor gene expression [28]. Besides utilization of commercially available
biotinylated ON probes, the biotin affinity tags can be incorporated into DNA using
any of polymerase-based techniques mentioned in Sect. 3.2. and biotin-labeled
dNTPs. Hence, it has been possible to apply analogous techniques to detect SNP in
real PCR-amplified cDNA via sequence-specific PEX incorporation of biotinylated
uridine or cytidine [34], or to monitor PCR reactions via incorporation of
biotinylated nucleotides [60]. Biotin-based techniques have been proposed also for
the detection of DNA damage e.g., in a variant of the TUNEL test [47].

(a) (b)

Fig. 5 Postsynthetic modification of DNA functionalized with reactive groups: a hydrazone
formation between formylthiophene enzymatically incorporated into DNA (see Fig. 3a) and a
hydrazine derivative bearing nitrobenzofurazane as a redox label; b click reaction to convert
azidophenyl moiety on DNA into triazole bearing electrochemically active nitrophenyl group
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b. Electrochemical immunoassays of haptene-modified DNA
Digoxigenin (DIG) is a haptene commonly used for DNA labeling in immunoas-
says, including in situ hybridization. Similarly as biotin, it can be introduced into
DNA either during commercial chemical synthesis of ONs, or incorporated by
polymerases using a DIG-labeled dNTP (see Sect. 3.2). It is detected using
anti-DIG-antibodies, which are commercially available in the form of enzyme (e.g.,
ALP) conjugates. As a recent example, a dual bioaffinity detection system was
proposed to detect DNA ligation [115], in which a DNA half-strand is attached via
biotin to streptavidine-coated magnetic beads, and the ligation reaction is detected
by DIG attached to opposite end of the other half strand. In principle analogous
techniques can be applied to detect breakage of the DNA molecules.

A specific type of haptene, for the detection of which antibodies are available
[116], is the Os(VIII),bipy-thymine adduct. The antibody recognizing osmium-
modified DNA was utilized previously in an electrochemical enzyme-linked DNA
hybridization assay [65]. Os(VIII),bipy-pretreated target DNA was hybridized at
the MB via a homopurinic stretch and the osmium tags were detected by the
enzyme-linked immunoassay using monoclonal antibody OsBP7H8 and a sec-
ondary antibody-ALP conjugate. Such system encompasses two levels of amplifi-
cation (multiple osmium adducts to accommodate multiple enzyme molecules, and
the enzyme biocatalysis). This immunodetection system is in principle applicable
with any Os(VIII),bipy based technique mentioned in Sect. 3.1.1, including DNA
damage assays (for example, it was successfully applied to detect thymine residues
in the apurinic sites) [90].

5 Conclusions

Electrochemical analysis offers a variety of ways to analyze nucleotide sequences
via hybridization and/or polymerase-based techniques, as well as to analyze DNA
damage and DNA interactions with genotoxic agents. These applications may
employ either label-free electrochemical NA sensing based on intrinsic electro-
chemical properties of natural NA components, or may be based on applications of
various electrochemically active labels or indicators. Although the label-free
techniques have found a variety of applications in detection of both DNA
hybridization and DNA damage, the redox or enzyme labels exhibit a great
potential to improve analytical parameters of the NA electrochemical analysis. In
particular, labeling of specific nucleotide sequences, or even individual nucle-
obases, with diverse redox tags (in fact featuring DNA or nucleobase coding by
redox potentials of the labels, which differ from redox potentials of natural NAs and
from each other), greatly increase selectivity of electrochemical detection of target
sequences and/or single base polymorphisms. Structure selectivity of NA modifi-
cation with redox-active chemical probes such as oxoosmium complexes has been
shown to increase considerably sensitivity of electrochemical methods used to
detect DNA lesions such as abasic sites or single base mismatches. Recent progress
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in organic synthesis of labeled nucleoside triphosphates has extended the possi-
bilities of polymerase-based DNA labeling and offered novel types of electroactive
DNA tags, including electrochemically or chemically switchable ones. Last but not
least, labeling of NA with enzymes generating electroactive indicators, in con-
nection with techniques of NA modification with bioaffinity tags to attach the
enzymes, has been utilized to develop highly sensitive enzyme-linked NA assays.
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Biosensing of Neurotoxicity to Prevent
Bioterrorist Threats and Harmful Algal
Blooms

Arkadiy Eremenko, Taisiya Prokopkina, Vadim Kasatkin,
Vladislav Zigel, Anna Pilip, Iana Russkikh, Zoya Zhakovskaya
and Ilya Kurochkin

Abstract The chapter discusses the different types of amperometric sensors based
on the inhibition of butyrylcholinesterase for the analysis of neurotoxins. Analytical
characteristics of sensors based on the manganese dioxide allow determining the
neurotoxins in the nanomolar concentration range. The authors of this publication
examined in detail the application of such sensors for monitoring of water samples.
The data obtained indicates the presence of anatoxin A(s) in the analyzed samples.
The study revealed the potential of the developed sensors to monitor the neurotoxic
cyanobacteria at water “blooms”.

Keywords Amperometric biosensors � Manganise dioxide � Nanoparticles � Thiol
compounds � Neurotoxines � Harmful algal blooms

1 Introduction

Enzymes of the cholinesterase family (ChE) are widely used in the development of
various biosensor devices for highly sensitive and selective monitoring of toxicity
in environmental studies, the agriculture and food industries, as well as military and
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biomedical applications [1]. These devices are based on ChE inhibition by neu-
rotoxins, namely, organophosphates (OP) and carbamates. The main driving force
for biosensor development is the search of reliable methods other than instrumental
analytical methods used in laboratories. It is worth mentioning that instrumental
analytical methods are powerful tools for toxic organophosphate and carbamate
pesticide detection, but they have a number of significant drawbacks. The equip-
ment is usually expensive, sample preparation is time consuming and complicated,
and users should be highly qualified, which make real-time measurements
unachievable. Moreover, it is impossible to obtain any information about the
potential toxicity of a sample using instrumental analytical methods.

Biosensor devices allow one to determine not only the presence and amount of
certain chemical compounds, but the biological effects caused by them [2], for
example, neurotoxicity. In some cases information other than the chemical compo-
sition of the analyzed sample is more important. As a result, currently, special
attention is paid to bioanalytical systems based on enzyme inhibition for the deter-
mination of neurotoxicity of organophosphates and carbamate pesticides which
inhibit cholinesterases [3]. Themost promising and sensitive devices for the detection
of neurotoxins are electrochemical sensors. Therefore, our attention has been focused
on the development of different types of electrochemical biosensors based on choli-
nesterase inhibition for their application in various fields. In recent years, scientists of
the Department of Chemical Enzymology, Faculty of Chemistry, Lomonosov
MoscowState University and the Institute ofBiochemical Physics RAS, together with
colleagues from other institutions have developed various types of biosensor and
amperometric devices for the detection of neurotoxins.

2 Amperometrc Sensors for Neurotoxins

The amperometric neurotoxin analyzer (EasyChEck, v3.05X) is a specially devel-
oped automatic flow-injection system for quantitative and qualitative analysis of
OPs and carbamates [4]. The assay performed with EasyChEck is based on inhi-
bition of butyrylcholine esterase (BChE) in solution by neurotoxins. Flow cell of
analyzer consisted of combined Pt-Ag/AgCl electrode and biosensor based on
choline oxidase. The enzyme choline oxidase (ChO) was incorporated into the
polymer complex with poly-4-vinylpyridine modified on 24 % with lauryl bromide
and sandwiched between two layers of cellulose acetate membrane in a plastic
holder (sensor type I). BChE activity measurement was carried out after hydrolysis
of butyrylcholine to choline, followed by its biocatalytic oxidation by choline
oxidase generating hydrogen peroxide. Electrochemical analyzer response was
proportional to the current of anodic oxidation of hydrogen peroxide with platinum
working electrode at a potential of +600 mV versus Ag/AgCl reference electrode.
This type I of biosensor provides a measure of BChE activity in a linear range up to
0.7n Menzyme with a sensitivity of 12.6 nA−1 nM−1. Reliable analytical biosensor
response, as well as good technical characteristics allow it suse for monitoring for
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environmental (water, soil), agricultural (rice, corn), nutritional (milk, juices, meat,
fruits) and military applications [4] (Table 1).

The next generation biosensors for analysis of neurotoxins have been developed
using various electrodes based on manganese dioxide as an electrochemical
mediator. Direct electrochemical oxidation of hydrogen peroxide on a platinum
electrode yields a detection limit of 10−6 M, however, this requires high positive
potentials, and in this case numerous side reactions may occur. Attempts to lower
the detection limit and reduce the value of potentials used resulted in the devel-
opment of various types of amperometric hydrogen peroxide sensors. To increase
sensor sensitivity, their surface is modified using various mediators capable of
cyclic oxidation–reduction on an electrode. Cobalt oxide [5, 6], Prussian blue [7–9],
and manganese [10–13], as well as iridium [14] and vanadium [15] dioxides, can be
mentioned as inorganic mediators. The recent application of mediating layers based
on inorganic mediators in hydrogen peroxide sensing electrodes fabrication resulted
in the lowest hydrogen peroxide detection limits ranging from 4 to 60 nM.

Previous investigations [16, 17] showed that nanoparticles of various manganese
dioxide crystalline modifications (amorphous, alpha-phase, and gamma-phase) were
compared with respect to their mediator properties in electrochemical detection of
hydrogen peroxide and thiols. The highest catalytic activity towards hydrogen
peroxide and thiocholine was demonstrated by screen-printed graphite electrodes
(SPGE) modified with gamma-MnO2 at the optimized working potentials.

The developed sensor type II for determination of choline and cholinesterase
activity is based on a screen printed graphite electrode modified with manganese
dioxide nanoparticles [16]. Using layer-by-layer technique on the developed elec-
trode surface choline oxidase was incorporated into the interpolyelectrolyte nano-
film. Its ability to serve as a detector of choline in bulk analysis and cholinesterase
assay was investigated. The sensor exhibited a linear increase of the amperometric
signal at the concentration of choline ranging from 1.3 × 10−7 to 1.0 × 10−4 M, with
a detection limit of 130 nM and a sensitivity of 103 mA M−1 cm−2 under optimized
potential applied (+480 mV vs. Ag/AgCl). The biosensor retained its activity for-
more than 10 consecutive measurements and kept 75 % of initial activity
for 3 weeks of storage at 4 °C. The developed choline biosensor was applied for
butyrylcholinesterase assay showing a detection limit of 5 pM. Based on the results

Table 1 Type of sensors for measurement of BChE activity and neurotoxin detection

Sensor type Electrode modification Detected
species

Applied
potential (mV)

I Pt/AC/ChO-P4VP/AC H2O2 +600

II SPGE/MnO2/(PDDA/PAS)2/
(PDDA/ChO)3

H2O2 +480

III SPGE/MnO2 Thiocholine +450

IV SPGE(BVT)/MnO2 Thiocholine +600

AC acetatecellulose, ChO cholineoxidase, P4VP poly-4-vinylpyridine, PDDA polydimethyldi
allylammonium chloride, PAS polyanetholsulfonate Na
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the developed biosensor is capable of analyzing the degree of BChE inhibition at
different chlorpyrifos concentrations. The detection limit for chlorpyrifos was
estimated as 5.0 × 10−11 M [16]. Another important application of the biosensor is
the analysis of blood esterases in biological fluids have evident importance for
monitoring of individuals, exposed to cholinergic and/or neuropathic organophos-
phorus compounds. It was demonstrated of BChE activity measurement in mice
200–fold diluted blood haemolysates using sensor type II [16].

High sensitivity of gamma-MnO2 modified SPGE towards thiocholine and
therefore low detection limit of butyrylcholinesterase (1 pM) enabled their use for
subnanomolar detection of an organophosphate pesticide diazinon, an irreversible
inhibitor of butyrylcholinesterase [17]. Figure 1 demonstrates the scheme of elec-
trochemical determination of thiocholine using SPGE modified with manganese
dioxide (sensor type III). Analytical response of the sensor is formed by the
reduction of Mn(IV) to Mn(II/III) on the sensor in the presence of thiocholine
followed by electrochemical oxidation of the mediator to Mn(IV) under positive
potential. On the basis of the cyclic voltamogramms, the working potential value
for thiocholine determination on electrodes modified with manganese dioxide was
chosen as +450 mV versus Ag/AgCl.

Determination of BChE activity was performed by “kinetic” and “end point”
modes of measurement in an electrochemical cell with stirring. The studied range of
the enzyme concentrations was 1 × 10–12–5 × 10–11 M. It should be note, both
modes of BChE assay show low detection limits for the enzyme (Table 2). For
comparison, a spectrophotometric Ellman’s method to measure enzyme concen-
tration is more than two orders of magnitude (10−10 M).

Data on diazinon determination using the developed thick film thiol sensor are
presented in Fig. 2. Figure 2a, b demonstrate relative BChE activities in function of
diazinon concentration obtained by “kinetic” and “end point” methods. Since
confidential interval value of BChE activity determination is 15 % (as calculated
under assumption of 95 % level of confidence for 5 measurements), diazinon limit
of detection for both methods may be estimated as 6 × 10–10 M. Therefore, the
developed thiocholine sensitive sensor allow for determination of cholinesterase
irreversible inhibitors at the nanomolar range. Importantly, the analysis duration is
less than 15–20 min. Also, the sensors should be noted for the fair operational
stability. The response to thiocholine decreased by less than 0.2 % per measurement
allowing for multiple use of the developed sensor type III in determination of
thiols, BChE, and inhibitors in contrast to the electrodes modified with platinum or

Fig. 1 The scheme of amperometric analysis of thiocholine on a planar carbon electrode modified
by MnO2
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other metal oxide mediators which are easily poisoned by sulfur in the course of the
analysis and thus are mainly non reusable.

The sensor type IV is based on other method of thiocholine registration and has
three electrodes. Such type of screen-printed combined sensors contains a working
graphite electrode modified by manganese dioxide, a sliver chloride reference
electrode, and counter platinum electrode (produced by BVT, Czech Republic).

Modification of electrodes by manganese dioxide. Manganese dioxide sol was
obtained by mixing diluted potassium permanganate aqueous solutions and man-
ganese acetate, as described elsewhere [16, 17]. A 2 μL drop of freshly prepared
manganese dioxide solution was placed on the surface of the working graphite
electrode and dried in air at ambient temperature. The procedure was repeated, then
the electrode was washed by bidistilled water, and, after removal of excess water,
was heated for 1 h at 60 °C.

Table 2 Analytical characteristics SPGE modified with manganese dioxide (sensor type III) for
BChE measurements

Measurement mode Detection limit (M) Linear range (M) Sensitivity

kinetic 1 × 10−12 1 × 10−12–5 × 10−11 8.16 nA (nM∙s)−1

endpoint 2 × 10−12 1 × 10−12–5 × 10−11 630 nA nM−1
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Fig. 2 BChE activities in
function of diazinon
concentration obtained by
“kinetic” (a) and “end point”
(b) methods
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The scheme of amperometric registration of thiocholine using sensors type IV
was the same as described above and shown on Fig. 1. To select the working
potential values, the current voltage characteristics of the electrodes that were
modified by manganese dioxide were investigated and potential of +600 mV was
selected, due to the amperometric signal is close to the maximum in the presence of
1 mM thiocholine.

Thiocholine analysis. Thiocholine was obtained during enzymatic hydrolysis of
butyrylthiocholine chloride (BTCh) using a technique that was described previously
[17]. Thiocholine amperometric measurements were performed using combined
sensors in a 1 mL cell without stirring; 990 μL of buffer solution (HEPES with 30
mM KCl, pH 7.5) was placed in the cell and a +600 mV potential was then applied.
After baseline recording, an aliquot of the solution to be analyzed was placed in the
cell and the current was recorded after 80 s using an IPC-Compact digitally con-
trolled galvanic potentiostat (Kronas, Russia).

In order to simplify the analysis we used the procedure of electrochemical
measurement of the thiocholine concentration, where sensor consisting of three
electrodes was placed in the sample solution; a voltage of +600 mV with respect to
Ag/AgCl reference electrode was then applied and chronoamperometric curves
were recorded. The typical shape of chronoamperometric curves (i–t) for various
thiocholine concentrations is shown on Fig. 3a. It is easy to observe that the current
value increases with an increase in the thiocholine concentration. The same data are
plotted in other coordinates, namely i–t−1/2 in the range of 20–100 s and presented
in Fig. 3b. The linearity of the dependency of current on t−1/2 in the time range that
was selected and presented in Fig. 3b allows one to pick any suitable time for the
analysis. The analytical parameters of the sensors type IV were estimated using the
calibration curve of the dependency of current on thiocholine concentration at a
constant time of 80 s. This time was selected in the linear part of the dependency i–
t−1/2 shown in Fig. 3b. The main analytical characteristics of the thiolcholine
sensitive sensors, namely the range of linearity, the limit of detection, the

Fig. 3 a The dependency of diffusion current on time (t) for various concentrations of thiocholine:
1–10, 2–30, 3–60, 4–100, 5–150, 6–200 μM. b The dependency of the current on t−1/2 in the range
of 20–100 s
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sensitivity, and the operational stability, which is the change of the response per one
measurement, are shown in Table 3.

The characteristics of thiocholine sensitive sensors type IV that were obtained
allow one to measure the thiocholine concentrations with the necessary sensitivity for
the determination of BChE activity using the following procedure. In a 1 mL cell
900 μLofHEPES buffer solution containing BSA (1mgmL−1) and 100 μL of enzyme
solution of the required concentration were added. After 10 min 900 μL of the overall
solution was placed in the cell containing of butyrylthiocholine solution. The incu-
bation reaction was 10 min. The response was registered after 80 s at applied of
potential. Figure 4 reflects the calibration curve of the sensor response on BChE
concentration. The range of concentrations studied was 1 × 10−10–1 × 10−9 M. The
dependency has linear shape with R2 = 0.998. The calculated enzyme detection limit
was 1 × 10−10 M.

In the current work, only an irreversible inhibitor was studied. The organophos-
phate pesticide diazinon was selected as a model of an irreversible inhibitor.
Diazinone (DZ) was preliminarily converted to the oxon form, which reacts better
with the enzyme by its oxidation with bromine water. In a 1 mL test tube 700 μL of
HEPES containing BSA (1 mg mL-1), pH 7.5 was added, along with 200 μL of an
enzyme solution with a 5 × 10-9M concentration (final concentration of the enzyme in
the tube was 1 × 10−9 M) and 100 μL of the inhibitor solution of the required
concentration. After 10 min 900 μL of the overall solution was placed in another tube
containing of the substrate solution. Incubation with the substrate was performed for

Table 3 The analytical
characteristics of thiocholine
sensitive sensors type IV

Range of linearity (M) 5 × 10−6–2 × 10−4

Limit of detection (M) 1 × 10−5

Sensitivity (μA (M·cm2)−1) 1650

Change of response per one
measurement (%)

1

Fig. 4 The dependency of
sensor response on BChE
concentration
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10min. In this time interval enzymatic hydrolysis reaction has a linear dependence on
time. The electrode was then placed in the cell and after 80 s the current was recorded.

The concentration of diazinon was determined by the degree of decrease of the
initial rate of enzymatic reaction of butyrylthiocholine hydrolysis after preliminary
incubation of BChE with a sample containing inhibitor during a defined period of
time [17]. In this case the ratio of the initial rate of the enzymatic reaction (E) after
preliminary incubation with the inhibitor to the initial rate of enzymatic reaction
without the inhibitor (E0) was used. The linear dependency of the inhibitor con-
centration from the logarithm of the relative enzymatic activity ln (E/E0) obeys the
following equation:

ln E½ �= E½ �0
� � ¼ �kI I½ �0s

The slope of this dependency reflects the detection sensitivity of the irreversible
inhibitor, which depends on the value of the constant of the inhibition rate kI as well
as on the time interval of the incubation of enzyme with inhibitor τ. In the inhibition
experiments the concentration of BChE was 5 × 10−10 M and incubation time with
various diazinon concentrations were 10 min. Figure 5 shows the data obtained
from diazinon detection using BChE and thiocholine sensitive sensors on a
semi-logarithmic scale. The reliable degree of BChE inhibition by diazinon was
calculated from the error in the detection of the enzyme without inhibitor (E0) and
was found to be 15 %. This allowed us to determine the detection limit for diazinon
of 1 × 10−9 M. A similar detection limit for diazinon was obtained when the
measurements were performed in a kinetic mode with stirring [17]. Nevertheless,
the method described above requires more effort and additional equipment as
compared to the one offered in the current work. It should be noted that developed
sensors with a mediator layer of manganese dioxide could be used numerous times,
with a minimum of ten times, for the analysis of BChE inhibitors without a notable
sensitivity change.

Thus, in the current work we demonstrated that combined planar electrodes
modified by manganese dioxide could be utilized as electrochemical mediators for
the measurement of thiocholine concentration, the activity of butyrylcholinesterase,

Fig. 5 The dependency of ln
(E/E0) on the diazinon
concentration in the
incubation mixture
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and a highly sensitive analysis of its inhibitors. Sensors and measurement methods
that have been developed described above greatly simplify the analysis of inhibi-
tors, and have been applied in the areas of water quality and environmental
monitoring.

2.1 Biosensors Monitoring of Cyanobacterial
Water “Bloom”

The anthropogenic pollution of water bodies and the river flow control in common
practice are the reasons of the quick eutrophication extension in water basins. It
contributes to the phytoplankton biomass amplification and its species composition
shifts to the increased cyanobacteria rate [18, 19]. Harmful algae “blooms” have
become a major problem of the last decades, being observed in the Europe, America
and Russia water bodies [20–24]. The most extending and frequently occurring
water “blooms” are recorded in European Russia in the reservoirs of Volga basin
(Tsimlianskoe, Izhevskoe etc.) [25–27]. The potentially hazardous cyanobacteria
species presence is recorded also for most Russian North-West water bodies [24].

Cyanobacteria can synthesize a wide range of secondary metabolites, varying on
structure, toxicity and effects. Some metabolites are known for neurotoxic effect
[28]. Cyanobacterial neurotoxins are divided in three basic groups: (i) anatoxin-a
and homoanatoxin-a (low molecular alkaloids), are potent agonists of muscular and
neuronal nicotinic acetylcholine receptors; (ii) saxitoxins (carbamate alkaloids), are
a group of structurally related moleculars that block voltage-gated sodium channels;
(iii) anatoxin-a(s) (N-hydroxyguanidinemethylphosphate ester), is a potent irre-
versible inhibitor of cholinesterases [28, 29]. This group shows different degrees of
toxicity (i.p. mouse LD50) is ranging from 10 to 450 mkg g−1 [30]. Neurotoxins
must be considered because of their high toxicity (the group of “fast-death factor”).

The neurotoxic water “blooms” are mostly caused by species from Anabaena,
Aphanizomenon, Cylindrospermopsis, Lyngbya and Planktothrix (Oscillatoria)
genus [31].

The negative health effect of cyanotoxins is produced not only by consuming of
the polluted water but also during recreational use of blooming water areas. As
some cyanotoxins (such as saxitoxins) are stable under field conditions for a long
time, even the low concentrations might pose a serious health threat during
recreational use of “blooming” water zones [32, 33].

Neurotoxins synthesized by cyanobacteria have been considered as a reason of
some recorded birds, dogs and domestic animals deaths in Canada [34], USA [35],
Scotland [36], France [37, 38], Denmark [39], New Zealand [40], Kenya [41] and
Brazil [42, 43].

Methods used for cyanobacteria neurotoxic metabolites detection in environ-
mental water can be conventionally classified as biological, biochemical and
physicochemical. Biotesting methods as well as bioassays method are of long
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duration and non-targeted [44]. Among other biological methods we can mark
immunologic methods [45], including immunoenzymometric strip analyzers, and
cell bioassay [46]. Physicochemical methods, especially mass-spectrometry, are
widely used for neurotoxins detection such as anatoxin-a (homoanatoxin) and
saxitoxins [47–50]. However anatoxin-a(s) detection using physicochemical
methods is difficult by some reasons. Anatoxin-a(s) structure differs from other
neurotoxins by phosphate group presence and chromophoric group absence, thus
UV-detection cannot be used for its detection [51]. Also the development of
anatoxin-a(s) detection methods is significantly complicated by the absence of its
(anatoxin-a(s)) commercially available standards.

At the present day biochemical methods based on anatoxin-a(s)’s inhibition
effect toward cholinesterase group enzymes activity are the most efficient way of
anatoxin-a(s) detection, due to the specificity of detection of the neurotoxically
active substances. Amperometric biosensor system Easy Check for detection of
neurotoxins is one of the reliable equipment for running such studies [4]. The
results of using amperometric biosensor systems based on manganese oxide
nanoparticles allowing to measure the cholinesterase inhibition degree in water
samples eventually containing corresponding inhibitors are presented in this article.

The investigations were conducted using the phytomass samples from
SestroretskyRazliv Lake (Saint-Petersburg, Russia), which is a surveillance object
exposed to massive recreational loading. SestroretskyRazliv Lake (N 60 5.200’ E
30 0.950) is the largest artificial reservoir situated on the territory of
Saint-Petersburg. The lake surface is 11.04 square km, the average depth is 1.6 m.
The lake catchment area is 566 square km.

The limnologic studies were run similar to described in our previous work [27].
The biomass of phytoplankton was estimated from the total volume of algae
according to the counted cell density and measured average cell density. During the
research period from 2008 to 2014 major hydrochemical parameters varied in the
wide ranges. The maximum gradients for ammonia nitrogen (0.6–2.0 mg N L−1)
and phospates (0.002–0.600 mg P L−1) are typical. The pH values varied signifi-
cantly (6.2–8.5) during the study period. According to the data of limnologic
studies high phytoplankton biomass (from 2.34 mg L−1 to 62.9 mg L−1), including
cyanobacteria (from 0.07 mg L−1 to 44.9 mg L–1) observed in the
SestroretskyRazliv Lake during the period from 2008 to 2014. Toxic species of
Cyanobacteria which can produce neurotoxins such as Anabaena flos-aqua,
Anabaena lemmermannii, Planktothrixagardhii, Aphanizomenonflos-aquae were
noted in the phytoplankton biomass.

For the purposes of cyanobacteria neurotoxic effect screening in Sestroretsky
Razliv Lake, biomass samples were taken in the surface layer twice a month during
the warm season (from June to September-October). The cyanobacteria phytomass
samples were collected using a plankton net and then filtered using the Supelco
filtration equipment. The filtered phytomass samples were lyophilized and analyzed
for the presence of neurotoxic substances (organophosphorous and carbamate
pesticides, heavy metal and cyanobacterial metabolites) by different methods.
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For the amperometric bioassay the lyophilized samples were resuspended with
processing buffer solution (2 mg g−1), and then centrifuged at 4000 rpm 10 min
prior the measurements. The ChE activity was assessed before and after its inhi-
bition using IPC-micro neurotoxin amperometric analyzer (EasyCheck device) with
the integrated MnO2 modified planar electrode.

According the obtained data the effect of cholinesterase inhibition was observed
in biomass samples each warm season during cyanobacterial water “bloom”
(Fig. 7). The degree of inhibition varied from 15–20 % (May–June) to 50–60 %
(July-August). The dynamics differed between seasons. The maximum inhibition
degrees were recorded in 2008 and 2012, and the minimum were obtained in 2010
and 2011. Some samples, mostly collected in the beginning of warm season,
(sampling dates were 03-Jun-2008, 22-Jun-2012, 26-Jun-2014, 30-Sep-2014) have
shown the inhibition degree exceeding 50 %. However, low toxicity degrees were
noted in most of studied samples (Fig. 6).

During the study period we observed the dependence of neurotoxicity (inhibition
degree, %) of biomass samples versus the biomass (mg L−1) of neurotoxins producing
cyanobacteria toxigenic genus found in the SestroretskyRazliv lake (Anabaena flos-
aqua, Anabaena lemmermannii, Planktothrixagardhii, Aphanizomenonflos-aquae).
The Fig. 7 shows an example of such a patterns obtained in the warm season of 2014.

Also we noticed the dependence of inhibition degree (%) in studied phytomass
samples versus the ratio of biogenic elements (nitrogen and phosphorus) in water
(Fig. 8). It might be connected with the dependence of cyanobacteria vegetation
from the ratio of these nutrients. The biomass of cyanobacteria capable of pro-
ducing neurotoxins also might be increased. The Fig. 8 shows this dependence
obtained in 2012.

Investigation of the effect of the reactants mixing order on the value of the
inhibitory effect of the samples showed it has a significant impact on the degree of
inhibition, which indicates mostly irreversible inhibition.

Fig. 6 The registered cholinesterase inhibition degree over the period from 2008 to 2014
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The anatoxin-a(s) presence in biomass samples was confirmed by
MALDI-MS/MS method. The protonated molecular ion with m/z 253 ([M + H]+)
was used as a precursor-ion for the fragmentation in MS/MS regime [51].
Diagnostic ion-products with m/z 58, m/z 59, m/z 96, m/z 98 and m/z 141 were

Fig. 7 The dependence of inhibition degree (%) versus biomass of the concentration of toxigenic
cyanobacteria capable of producing neurotoxins (mg g−1) during the growing season 2014

Fig. 8 The dependence of the inhibition degree (%) versus biogenic elements ratio (N/P) and of
biomass of toxigenic neurotoxin producing cyanobacteria
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chosen with the help of software Mass Frontier 5.1 data base (Thermo Scientific).
Fragmentation pattern is confirmed by some published works [52], studying the
A. flos-aquaestrain NRC 525-17 for detection of the chemical structure of this
natural organophosphates.

Mass-spectrometry analyses was carried out using Axima Performance
time-of-flight mass-spectrometer with the MALDI ions source, equipped with
UV-laser (337 nm) set up as follows: positive ion detection mode (phosphonylated
peptides), reflectron ion source settings: potential 20 kV, lens potential 6.5 kV,
reflectron potential (Ref.)—24.38 kV. Ions were detected in the range 50–5000 m/z
in reflectron mode. Mass-spectra were registered with use of MALDI-MS
Shimadzu Biotech program (Shimadzu, Japan). Calibration in positive ion mode
was run using the peptides calibration mix: angiotensin 2 ([M + H]+

m/z = 1046,542), N-acetylrenin ([M + H]+ m/z = 1800,943), adenocorticotropic
hormone (1–17) ([M + H]+ m/z = 2093,086).

The data of MS/MS analysis for m/z 253 are presented on the Fig. 9. The
fragment mass-spectra shown on this figure contains signals which are diagnostic
ones for anatoxin-a(s) (m/z 159, m/z 141, m/z 98, m/z 96), confirming the
anatoxin-a(s) presence in the biomass extract.

As most of organophosphorous and carbamate pesticides as well as a number of
heavy metals can produce an inhibition effect toward the cholinesterase enzymes,
we studied the collected samples for the presence of the above mentioned sub-
stances using different appropriate methods.

ICP-MS method was used for the analysis of filtered suspended lyophilized bio-
mass samples in order to prevent heavy metals contribution in the total biomass
neurotoxicity. The obtained concentrations of detectedmetals in studied sampleswere
significantly lower than concentrations inducing cholinesterase inhibiting (data are
not shown). The collected samples were analyzed for the presence of carbamate and
organophosphate pesticides, capable to produce cholinesterase inhibition (carbofu-
ran, phenmedipham, diazinon, isopropylphenilcarbamate, isopropylchlorophenil-
carbamate, chlorpyriphos, tributylphosphate, chlorophos) by the method of high
resolution chromato-mass-spectrometry with tandem mass-spectrometry (the LTQ

Fig. 9 Fragment of the MS/MS spectrum for protonated molecule with m/z 253 (underlined are
signals with m/z 98, 96, 141, 159)
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Orbitrap, ThermoFinnigan).The presence of above mentioned compounds were not
detected. This fact allowed excluding the pesticides contribution to the registered
neurotoxicity.

Obtained data of all the analysis indicates the presence of anatoxin-a(s) in
analyzed samples. Our study showed the potential of the neurotoxins biosensor
systems for monitoring neurotoxic cyanobacterial water “blooms”.
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Biosensors for Detection
of Anticholinesterase Agents

Gennady Evtugyn

Abstract Cholinesterase biosensors based on various transducers and enzyme
carriers have been considered in terms of inhibitor determination. The mechanism
of inhibition and influence of immobilization on biosensor performance are briefly
considered. The assembly of biosensors for inhibitor detection and measurement
conditions are summarized for the period from 2011 to 2015 with particular
emphasis to the influence of the sample matrix and immobilization protocol on the
sensitivity of inhibitors detection. Finally, the prospects of cholinesterase biosen-
sors are considered, especially those related to miniaturization and operation in
extreme environment.

Keywords Enzyme sensor � Biosensor � Inhibitor detection � Anticholinesterase
agent � Pesticide determination � Aflatoxin B1 determination

1 Introduction

There is an urgent need in the development of fast and reliable sensors for the
detection of most toxic compounds that are formed in natural and industrial pro-
cesses and can cause severe consequences for human health. Among many other
species, inhibitors of acetylcholinesterase are in the focus of many investigations due
to variety of chemical structures and large scale of industrial production. Some
anticholinesterase agents, e.g., sarin, soman and VX gas, were specially developed
as chemical warfare with extremely low toxic exposures and lethal consequences for
the soldiers and civil population. Although the accumulated stockpiles of chemical
weapons are mostly destructed following the Chemical Weapons Convention, some
incidents related to the use of anticholinesterase agent shave been reported during the
civil wars in Iraq and Syria. The use of home-made sarin in Tokyo subway by Aum

G. Evtugyn (&)
A.M. Butlerov’ Chemistry Institute of Kazan Federal University,
18, Kremlevskaya Street, Kazan 420008, Russian Federation
e-mail: Gennady.Evtugyn@ksu.ru

© Springer International Publishing Switzerland 2016
D.P. Nikolelis and G.-P. Nikoleli (eds.), Biosensors for Security and Bioterrorism
Applications, Advanced Sciences and Technologies for Security Applications,
DOI 10.1007/978-3-319-28926-7_17

349



Shinrikyo in 1995 is most known incident related to nerve gases after the Second
World War. Meanwhile the threats related to the production and application of
anticholinesterase agents by terrorists exists up to present days. In addition to
chemical warfare, organophosphorus and carbamate pesticides irreversibly inhibit
cholinesterase activity and can cause poisoning of agriculture workers and con-
tamination of some foodstuffs. These hazards call for the further efforts in the
development of appropriate biosensors devoted to detection of anticholinesterase
agents in the levels allowing the use of personal protection equipment and hence
decrease in the number of potential victims. In this review, the progress in the
detection of anticholinesterase species based on biosensing technologies is consid-
ered with particular emphasis to the results obtained within last 10 years.

2 Cholinesterase Inhibition

Cholinesterases belong to the class of hydrolases and catalyze the reaction of
hydrolysis of a natural neurotransmitter, acetylcholine (Scheme 1).

 

ð1Þ

They are widely present in various biological species, mainly vertebrates, with
insignificant variations of the amino acid residues responsible for the substrate
binding. In accordance to the relative rate of the hydrolysis of different choline
esters, cholinesterases are subdivided into several groups, from which acetyl-
cholinesterase (AChE, EC 3.1.1.7) and butyrylcholinesterase (BChE, EC 3.1.1.8)
are preferably used in the enzymatic assay of inhibitors [1].

AChE is mainly bonded to the cellular membranes of excitable tissues and
erythrocytes. It hydrolyzes the acetylcholine to terminate the transmission of the
neural impulse in presynaptic cell to somatic neuromuscular junction. In case of the
AChE inhibition, accumulation of acetylcholine overstimulates autonomic nervous
system. The poisoning symptoms include vomiting, abdominal cramps, nausea,
salivation, and sweating. Also, the excitation of somatic nervous system results in
involuntary muscle twitching, convulsions, respiratory failure and coma.

BChE, serum cholinesterase, was found in plasma, liver and muscle tissues. The
biochemical function of BChE is yet not clear but probably is related to scavenging
of organophosphate and carbamate inhibitors before they reach AChE. BChE is
also involved in regulation of cholinergic transmission in the absence of AChE.
Both enzymes participate in biochemical conversion of some drugs, e.g.,
aspirin, amitriptyline and bambuterol and in metabolic transformation of cocaine
and heroin [2].
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The AChE active site involves so-called anionic and esteratic centers different in
their affinity toward the substrate and choline. The distance between the above
centers is not changed in the enzyme acylation. Rather small conformational
changes of the enzyme globule corresponded to the substrate binding result in high
efficiency of the substrate conversion: the AChE molecule catalyzes breakdown of
about 10000 acetylcholine molecules per second. The decoding of the first AChE
structure showed that the active site is placed at the bottom of a 20Å deep gorge
lined with tryptophan residues. Actually, no anionic sites are involved in acetyl-
choline binding. The peripheral “anionic site” responsible for acetylcholine
sequester lies at the entrance to the gorge and interacts with a substrate by π-cation
interactions with the tryptophan residues whereas the carbonyl of the acetyl group
forms weak hydrogen bond to tyrosine residue placed further down the gorge.
Three amino acid residues, namely, glutamate, histidine and serine, also known as a
catalytic triad, are involved in the formation of covalent bond between serine
hydroxyl and >C=O double bond of acetyl group of the substrate. This “oxyanion”
is stabilized by release of choline leaving acetylserine (acetylated AChE). The
serine—acetate bond is then hydrolyzed to the acetate and initial enzyme ready to
the further substrate conversion [3].

First cholinesterase based devices have been developed for early detection of
chemical warfare and utilized BChE from horse and human serum which showed
high sensitivity toward warfare agents and rather high stability of preparations
available at that moment [1]. Later on, AChE from electric eel became dominating
due to higher specific activity and ability to detect a broader range of organophos-
phate and carbamate pesticides [4]. Nowadays, most cholinesterases commercially
available are produced by genetically modified microorganisms, e.g., Escherichia
coli. Modification of enzyme active site makes some difference in the sensitivity of
the activity toward various groups of inhibitors. This can be used for differentiation
of the response of appropriate biosensors especially in inhibitor mixtures [5, 6].

Most of the analytes determined with cholinesterase biosensors exert irreversible
inhibition of immobilized enzyme. Such compounds mimic the structure of the
enzyme active site and substitute acetylcholine on the first stage of the formation of
serine ester. However, the product of esterification, e.g., phosphorylated cholines-
terase in case of organophosphate pesticides and nerve gases, is quite stable toward
hydrolysis and stops the following regeneration of the enzyme active site
(Scheme 2).

ð2Þ

The appropriate stage called as spontaneous regeneration requires the time
sufficiently longer than that monitored with biosensor so that it does not affect the
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decay in the enzyme activity applied for the analyte determination. Similar reaction
of carbamylated cholinesterase formed in the presence of carbamate pesticide is
much faster so that maximal decay of enzyme activity observed in the determina-
tion of carbamates can be below 100 %. For this reason, the influence of carbamates
on cholinesterases is named in some sources as reversible inhibition. This seems
incorrect because the product of reactivation of carbamylated cholinesterase does
not react with free enzyme and has the structure different from initial carbamate.
From the point of view of physical chemistry, such interactions are considered as
irreversible.

Apart spontaneous reactivation, the regeneration of initial enzyme activity is
accelerated by some reagents added to the sample after inhibition. Such reagents,
e.g., aldoxime derivatives, are also used as antidotes in case of poisoning with
anticholinesterases. 2-PAM and TMB-4 are mostly mentioned in the operation of
cholinesterase biosensors [7, 8]. It should be mentioned that such reactivators exert
their own weak reversible inhibition on cholinesterases. For this reason, they should
be carefully washed out from the immobilized enzyme preparation prior to mea-
surement of residual enzyme activity. Besides, regenerated enzyme shows the
sensitivity toward inhibitors different from that of enzyme prior to first contact with
the sample tested. This is mainly attributed to different accessibility of enzymes
immobilized in inert matrix on the transducer. As a result, a reactivator reacts first
with the inhibited enzyme molecules that are positioned near the solution and to a
less extent with those placed deeply inside the biolayer. Additional washing steps
and protective effect of excessive reactivator quantities (see below) also complicate
repeated use of biosensor for multiple inhibitor detection.

Heavy metals, quaternary ammonia compounds and biogenic amines exert
reversible inhibition on cholinesterases [9–12]. In this case, the enzyme-inhibitor
complex can dissociate to initial enzyme and inhibitor molecule/ion so that the
detection of inhibition can be performed only in the presence of an inhibitor.
Maximal decay of enzyme activity is sufficiently lower than 100 % and washing the
biosensor with buffer solution can restore the signal recorded prior to the contact of
the enzyme with an inhibitor. Most of the reversible inhibitors mimic positively
charged ammonia group of acetylcholine. The concentrations detected are signifi-
cantly higher than those of irreversible inhibitors. For this reason, the cholinesterase
biosensors cannot be used for direct detection of reversible inhibitors on their
permissible levels. The determination of some pharmaceuticals applied as myore-
laxants or drugs against Alzheimer’s disease [12] is an exception.

Some reversible inhibitors like mercury (II) ions form rather stable
enzyme-inhibitor complexes which reactivation requires special agents like
dithiotreithol and EDTA instead of washing. Nevertheless, they belong to reversible
inhibitors because the dissociation of enzyme-inhibitor complex produces initial
metal ion able to interaction with an enzyme active site. The choice of appropriate
reactivator and monitoring of reactivation efficiency provides information which
might be useful for preliminary identification of an inhibitor nature especially for
complex samples including potential hazards of different nature.
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Chemicals exerting denaturation effect and disturbing the protein steric structure
also alter the activity of cholinesterases. Urea, surfactants and polar organic sol-
vents suppress the activity of free enzyme to an extent depending on their nature,
concentration and contact time [13]. It was shown that the influence of polar
solvents is additive to that of dissolved irreversible inhibitor if the total inhibition
remains rather low (about 20–50 %) [14]. However, the possible interference of the
solvents on the detection of extracted pesticides and other anticholinesterases needs
further investigation. Acetonitrile exert activating effect on immobilized cholines-
terase and increases the sensitivity of pesticide detection [15]. Immobilization of
cholinesterases decreases the influence of denaturation agents due to stabilizing
effect of the matrix. This allows adapting the sample treatment schemes developed
for HPLC and applying direct detection of an inhibitor in diluted extract with no
evaporation of organic solvent.

2.1 Irreversible Inhibition

Irreversible inhibition is measured by consecutive incubation of the enzyme, either
free or in the assembly of biosensor, in the inhibitor solution followed by the
addition of the substrate which stops interaction of the enzyme with inhibitor. After
that, the rate of enzymatic reaction is measured. For immobilized enzyme, addi-
tional washing is often used to remove the access of an inhibitor. This makes it
possible to vary the conditions of incubation and signal detection, which are not
always the same especially in pH region and electrolyte content. Both AChE and
BChE are irreversibly inhibited by organophosphates and carbamates that form
esteric bonds with serine -OH group in enzyme active site. Chemical structures of
common inhibitors applied as pesticides are presented in Fig. 1.

Relative decay of the rate of enzymatic reaction caused by irreversible inhibition
depends on the incubation period and the inhibitor concentration in accordance with
the Ellman’ Eq. (3) [16].

ln
vo
vt

¼ kIICIs ð3Þ

Here, v0 and vt are the reaction rates prior to and after the contact of the enzyme
with an inhibitor, CI is the inhibitor concentration and τ the incubation period. The
bimolecular inhibition constant kII depends on the nature of an inhibitor, the
enzyme source and incubation conditions but not on the inhibitor concentration. It
is used for comparison of the cholinesterases from various sources or in various
measurement conditions against the same inhibitor. The Ellman equation assumes
the inhibitor concentration to be sufficiently higher than that of an enzyme active
site. In the opposite case, the decay of the reaction rate linearly depends on the
inhibitor concentration. The use of Eq. (3) gives estimate of the limit of detection
(LOD) for irreversible inhibitor. For 15 % inhibition often considered as minimal
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level reliably detected, the LOD is equal to 0.13/(kII·τ). The kII values vary from
n × (106÷108) M−1 s−1 for chemical warfare to n × (103÷105) M−1s−1 for
organophosphate pesticides [17, 18].

The following criteria of irreversible inhibition are mostly used: (1) the pro-
portional increase of the inhibition with incubation period; (2) full inhibition of an
enzyme with increased inhibitor concentration or incubation period; (3) no recovery
of enzyme activity after addition of increasing substrate concentration after inhi-
bition step. The reactivation with oximes is also a sign of irreversible inhibition
caused by organophosphates and carbamates because reversible inhibition does not
assume the formation of esteric bonds in the active site. It should be mentioned that
about all of these criteria are not absolute. Slow establishment of equilibrium in the
reaction media and fast spontaneous reactivation can mask irreversible character of
enzyme—inhibitor interaction.

The biosensor format of the inhibition measurement with immobilized choli-
nesterase changes the quantitative relations from those corresponded to Ellman’
equation. Commonly, the sensitivity of inhibitor determination obtained with a
biosensor is lower than that of free cholinesterase. Meanwhile, some examples
reported recently demonstrate significant decrease of the limits of detection (LODs)
against homogeneous reaction conditions. The reasons of such a behavior of cho-
linesterase biosensors can be summarize as follows [19]:

• Immobilization matrix effect. The charge and buffering properties of the
immobilization matrix affect the transfer of cationic acetylcholine in the surface
layer and hence shift the signal of a biosensor. To some extent, the permeability
of the surface layer for inhibitor molecules can be also taken into account.

• Kinetic limitations. Decrease in the rate of the substrate transfer into the surface
layer can prevent saturation of the enzyme active site with substrate. As a result,
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inhibition is partially compensated for by involvement of free active sites in the
substrate hydrolysis [20].

• pH shift. Both AChE and BChE exert maximal activity in weakly basic media.
Any reactions resulted in release of hydrogen ions or their neutralization will
shift the local pH in the surface layer and hence the parameters of both substrate
hydrolysis and enzyme inhibition. Slow transfer of H+ ions from the bulk
solution aggravates the situation. This is especially important for potentiometric
biosensors based on pH measurement [21].

• Unspecific transfer of reactants in the surface layer. Adsorption or aggregation
of a substrate/inhibitor in the surface layer or on the transducer surface change
their distribution in the reaction layer and hence affect experimental values of
inhibition.

• Side reactions of reactants. Non-enzymatic hydrolysis of acetylcholine can be
accelerated by matrix material. The same can happen with inhibitors able to
hydrolyze (organophosphates and carbamates) or aggregate in inactive com-
plexes (heavy metal ions).

As could be seen, most of these factors decrease inhibitory effect of irreversible
inhibitors. However, sorptional accumulation of an inhibitor and changes in the
substrate transfer can improve the performance of cholinesterase biosensors with no
respect of biochemical backgrounds of inhibition quantification.

2.2 Reversible Inhibition

Reversible inhibitors exert a variety of mechanisms referred to the true equilibria of
the stages with the enzyme participation [22]. Most of the reaction schemes assume
Michaelis-Menten kinetics and possibility to form triple enzyme—inhibitor—sub-
strate complexes. Contrary to irreversible inhibitors, the binding of reversible
inhibitor allows producing the final product of the substrate conversion. The
reversible inhibitors of cholinesterases can mimic cationic part of a natural sub-
strate, acetylcholine, nut they cannot form covalent bond with the amino acid
residues of the active site. Even involved in the reaction, they do not fully suppress
the access of the substrate. For AChE, reversible inhibitors can attack allosteric
center of regulation of enzyme activity so that the enzyme-inhibitor complex
formed retains the possibility to interact with the substrate. From the point of view
of detection of chemical hazards, the determination of reversible inhibitors is not
very interesting because the appropriate analytes are sufficiently less dangerous than
irreversible inhibitors presented above or their detectable concentrations are much
higher than limited threshold values. Nevertheless, the investigation of reversible
inhibition is important if the cholinesterase biosensors are intended for the
assessment of total contamination of environmental subjects. Besides, reversible
inhibitors decrease the influence of irreversible inhibitors due to so called protecting
effect. The reversible enzyme–inhibitor complex cannot react with irreversible
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inhibitor but after incubation of the biosensor it can be destroyed by addition of a
substrate followed by restoration of the enzyme activity. Protecting effect is widely
used for antidote therapy and prevention of acute poisoning with anticholinesterase
species. Some of the organic reversible inhibitors studied with cholinesterase
biosensors are presented in Fig. 2.

They include some drugs applied as myorelaxants and for Alzheimer disease
treatment and toxins produced by potato (saponine) and molds (aflatoxin B1). The
latter one is of special interest because of carcinogenicity of the pollutant and low
residual concentrations allowed in foodstuffs. The use of AChE is an alternative of
immuno- and aptasensors that show comparable sensitivity but higher specificity of
the response. On the other hand, the use of immobilized enzyme makes possible
multi-use of the biosensor and decreased measurement time.

Kinetic consideration of reversible inhibition is mainly based on some simpli-
fications found more convenient for application.

In competitive inhibition (Scheme 4), the inhibitor and substrate both compete
for the same active site of an enzyme and the enzyme-inhibitor complex cannot
catalyze the substrate conversion.

ð4Þ

Irreversible inhibition of cholinesterase performed in the presence of the sub-
strate corresponds to this type of inhibition. For such a reaction, the maximal rate of
the reaction does not depend on the concentration of the competitive inhibitor
whereas Michaelis constant increases with inhibitor content.

Non-competitive inhibition corresponds to the case when the substrate and
inhibitor do not interfere with each other in enzyme binding. The interaction with
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an inhibitor affects the affinity of an enzyme towards a substrate but not the reac-
tivity of the enzyme-substrate complex (Scheme 5).

ð5Þ

Non-competitive inhibition can be observed for heavy metal ions which either
bind allosteric center of AChE cholinesterase or affect the protein conformation due
to participation in the charge distribution and pH shifts within the protein globule.

Uncompetitive inhibition assumes the interaction of an inhibitor only with the
enzyme-substrate complex. It is rarely observed for cholinesterases. The same can
be said about mixed inhibition, but both types of inhibition can be indicated by the
formal kinetics analysis for immobilized enzyme with complicated reactant transfer
stages.

In all the mechanisms of reversible inhibition, the equilibrium of enzyme–in-
hibitor interaction is quantified with equilibrium constant called as inhibition
constant (Ki). The increase in the inhibition constant decreases the sensitivity of an
enzyme towards an inhibitor. The value of inhibition constant corresponds to the
inhibitor concentration resulting in a 50 % decrease of the rate of the enzymatic
reaction, or a biosensor signal. However, the Ki values can be compared only for
inhibitors interacting with cholinesterase in the same way.

For kinetically ‘pure’ reversible inhibition, the conclusion on the mechanism of
enzyme–inhibitor interaction is made from the experiments with varied concen-
trations of the substrate/inhibitor. The shape of the kinetic curves and their relative
position against each other provide the criteria of particular inhibition mechanism
described above. Besides, changes in the Michaelis constant and maximal reaction
rate can be calculated in a common manner for different content of an inhibitor in
the reaction media (see kinetic analysis in more detail in [19]).

The knowledge on mechanism of reversible inhibition makes it possible to
optimize the reaction conditions. Thus, for reversible inhibitors, the substrate
concentration is of critical importance for the sensitivity of the assay. The lower is
the substrate concentration the higher is the slope of calibration curve. Contrary to
that, non-competitive inhibition is insensitive to the substrate concentration chosen.
Uncompetitive inhibition depends on the substrate concentration only if that is
below the Michaelis constant. At upper substrate content, the inhibition does not
change with variations of this parameter [14, 19].

As in the case of irreversible inhibitors, immobilization of the enzyme affects the
changes in the biosensor response. The sensitivity of inhibitor detection becomes
lower due to additional electrostatic interaction and steric limitations of an inhibitor
transfer to the enzyme active site. Besides, the use of appropriate substrate con-
centrations far from optimal values is dictated by the accuracy reasons and
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properties of appropriate transducer. The reversible character if inhibition can be
established from the following experimental evidences:

• The maximal inhibition of the biosensor signal is significantly below 100 %;
• The addition of the substrate to the reaction media containing an inhibitor

partially restores the signal value observed in the absence of an inhibitor;
• There is no effect of the increased incubation period on the inhibition;
• The inhibited biosensor restores its signal after washing in the substrate solution.

A short overview of the inhibition mechanisms and their use for interpretation of
a biosensor response shows a variety of the properties that complicate the com-
parison of various inhibitors in accordance of their ability to suppress the inhibition
activity. The calculation of inhibition kinetics requires data on the mechanism and
stoichiometry of enzyme–inhibitor interaction. To simplify such comparison,
empirical parameters are mostly used for characterization of a biosensor perfor-
mance. Thus, relative decay of biosensor response (inhibition degree) against that
measured prior to the contact with the sample is frequently applied for calibration
graphs. The I50, an inhibitor concentration corresponded to 50 % inhibition of the
signal, characterizes the sensitivity of the response similarly to kII of irreversible
inhibitor and Ki of reversible inhibition.

3 Cholinesterase Biosensor Assembling

The development of cholinesterase biosensor is based on the development of two
protocols, i.e. (i) that of the enzyme immobilization, and (ii) measurement of the
signal related to the cholinesterase activity. Although both problems mentioned are
interconnected, some universal solutions exist. Below, the approaches to the
development of cholinesterase biosensors are briefly considered with particular
emphasis on the specificity of inhibition measurement.

3.1 Cholinesterase Immobilization

The immobilization assume the procedure that fixes the enzyme on appropriate
carrier or directly to the transducer surface. First, the immobilization was directed to
the multiple use of a biosensor to decrease the cost of expensive enzyme prepa-
rations. However, inhibition decreases the signal and the following application of
biosensor once contacted with an inhibitor is often not possible. For this reason, the
immobilization of cholinesterase solves other problems like ease operation of
biosensor and stability of the signal. To some extent, the requirements to immo-
bilization of cholinesterase are contradictory. The protocol chosen should provide
long operation of biosensor and meanwhile high its sensitivity toward an inhibitor.
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It assumes accessibility of the active site and rather low changes in the flexibility of
protein globule and conditions of enzyme–inhibitor interactions in comparison with
native enzyme. The following methods for AChE/BChE immobilization were
described:

• Physical adsorption on solid support. From very beginning, BChE preparations
were stabilized in starch for batch and flow detection of anticholinesterase
agents [23]. The stability of the enzyme was increased by application of poly-
urethane foam as mechanical carrier and glycerin as plasticizer. The use of
screen-printed carbon electrode [24] and especially carbonaceous nanomaterials
like carbon black or carbon nanotubes (CNTs) [25–27] significantly improved
the performance of biosensors. The electrostatic self-assembling can be addi-
tionally stimulated by layering positively charge polyelectrolytes like poly
(diallyldimethylammo-nium chloride) [26].

• Entrapment of in polymer gels. This immobilization protocol is similar to that of
physical adsorption and assumes weak non-covalent interactions together with
mechanical limitation of enzyme leaching from the polymeric net. Siloxane
matrices obtained by sol-gel technology and included other auxiliary agents like
mediators provide several months of the storage period due to favorable
hydrophilic microenvironment of the enzyme active site [28–30]. Protecting role
of chitosan on AChE functioning in methanol solution was also mentioned [31].

• Cross-linking with glutaraldehyde is used to increase the stability of the
enzymes immobilized in polymeric matrices like chitosan [31], bovine serum
albumin (BSA) [32], nafion [15, 33, 34] and some polymers obtained by
electropolymerization [35–37]. This reagent forms imide bonds with amino
groups of proteins and increases average molar mass of the product together
with decrease of its solubility in water. The treatment with glutaraldehyde can
hence additionally stabilize enzyme entrapped in different matrices or adsorbed
on sold supports. The reaction is complicated by partial oligomerization of
glutyaraldehyde during the storage and by reversibility of the binding. The latter
one can be avoided by chemical reduction of >C=N- bonds with NaBH4.

• Covalent carbodiimide binding with carboxylated carriers [37–39]. The use of
carbodiimides, specifically, N-(3-dimethylaminopropyl)-N′-ethyl-carbo-diimide
chloride (EDC), results in formation of amide bonds with aminated molecules
including proteins. Contrary to glutaraldehyde binding, the use of carbodiimide
provides site specific point attachment of the enzyme globule and is mostly
applied for carbonaceous materials, e.g., CNTs or carbon black that have free
carboxylic groups on the surface. The reaction is performed at room temperature
in the presence of N-hydroxysuccinimide (NHS) to prevent the hydrolysis of
unstable intermediate. Carbodiimide binding can be also combined with
formation of self-assembled monolayers of thiolated carbon acids on Au elec-
trodes [40].

• Affine immobilization with concanavalin A binding [41, 42] or application of the
nitrilotriacetic complexes able to bind histidine residues [43]. The use of
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biochemical receptors offers mild and oriented inmmobilization with high
residual enzyme activity and sensitivity toward inhibitors.

It should be mentioned that most of the modern immobilization protocols
include implementation of auxiliary reagents together with AChE or BChE that
electrically wire enzymes (CNTs, metal nanoparticles) or stabilize their structure
(dextran, chitosan). The variation of pH and reactant quantities makes it possible to
alter the specific enzyme activity and to some extent the sensitivity of an inhibitor
detection. In many articles, the optimization of immobilization procedure is directed
by the achievement of a maximal signal toward the substrate. On the one hand, this
makes it possible to reach more accurate measurement of the inhibition and hence
decrease the LOD value. However, increased specific activity of the enzyme
decreases inhibition degree. From this consideration, the amount of enzyme to be
immobilized is a compromise between the requirements of the measurement
accuracy and sensitivity of the response toward an inhibitor. The use of hydrophilic
matrices with ionized or polar groups is favorable for enzyme stabilization but can
prevent the access of acetylcholine to the enzyme active site. On the other hand,
some carriers, e.g. porous graphite or CNTs, accumulate the organic anti-
cholinesterase species and hence increase the sensitivity of biosensor over the
values expected from inhibition kinetics studied with free enzyme preparations.

Besides inhibition degree measured against a constant concentration of an
inhibitor, the experimental values of Michaelis constant (Km) are often determined
as a measure of possible influence of immobilization matrix on the enzyme—
substrate interaction. For inert matrices, the experimental Km values are commonly
higher than that of free enzyme indicating the limitations in the substrate transfer at
the enzyme neighborhood. The opposite effect of immobilization can be found if
the matrix exerts accumulating effect on the substrate concentration, e.g., with
negatively charged CNTs [38].

3.2 Biosensor Signal Measurement

As could be seen from reaction (1), the enzymatic reaction of acetylcholine results in
release of acetic acid which is fully dissociated in the pH region corresponding to
maximal enzyme activity (pH 8–10), i.e., is a strong acid able to shift pH of the
reaction media. Indeed, first analytical devices with cholinesterases employed pH
changes as a measure of enzyme activity. For this purpose, pH indicators like bro-
mothymol blue or neutral red are added to the solution or placed together with the
enzyme on solid support and the time required for color change is recorded. However,
this way has some serious limitations related to the pH sensitivity of enzyme activity
and interfering influence of the sample buffer capacity and of the non-enzymatic
hydrolysis of acetylcholine. For this reason, the progress in the development of
cholinesterase biosensors demanded new signal measurement protocols. Nowadays,
signal measurement of cholinesterase biosensors is mainly based on two approaches,
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i.e., detection of the second product, choline, by its involvement in the enzymatic
oxidation, and the use of synthetic substrates. In the latter case, the products of
cholinesterase reactions are measured by more sensitive and selective than colori-
metric techniques based mostly on optical and electrochemical transducers.

3.2.1 Optical Systems

Two synthetic substrates, i.e. indoxylacetate [44–46] and indophenylacetate [47,
48], are hydrolyzed with formation of colored products (Scheme 6).

ð6Þ

The reaction of indoxylacetate results in formation of an intermediate,
leuco-indigo which is irreversible oxidized to deep blue colored indigo.
Indophenylacetate reacts in one step to form blue-purple color instable in basic
media due to following oxidation. Both substrates can be used with electrochemical
transducers recording amperometric oxidation of leuco-indigo or potentiometric
monitoring of indophenol conversion. The potential of reaction can be altered by
introduction of substituents in phenolic ring of the molecule. Although such col-
orimetric detection system have been proposed about 50 years ago, they have
recently received a new impulse for development related to the use of smartphones
and paper based flow lateral systems for signal quantification.

Spectrophotometic determination of cholinesterase activity based on the use of
thiocholine ester and 5,5′-dithiobis-(2-nitrobenzoic acid) is a standard method for
cholinesterase activity determination first suggested by Ellman [49]. The thio-
choline formed in the presence of enzyme reacts with disulfide to form yellow
product monitored at 405 nm (7).
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ð7Þ

The modification of Ellman’ method was proposed for chemiluminescent
determination of enzyme activity based on dioxetane derivative of the Ellman’
reagent able to excitation in the presence of thiocholine (8) [50].

ð8Þ

Surface plasmon resonance (SPR) technique was utilized for monitoring of
AChE activity based on alteration of conditions of light refraction with optical fiber
coated with silver [51]. Surface enhanced Raman scattering (SERS) on colloidal
silver nanoparticles has been applied for detection of thiocholine giving specific
SERS spectrum in interaction with silver [52]. The method was proposed for
detection of both enzyme activity and inhibitors present in sample.

3.2.2 Electrochemical Detection Systems

Although optical systems have been developed from very beginning of cholines-
terase assay, electrochemical transducers received privilege due to advantages they
possess, i.e., fast and intuitively understandable response, high sensitivity and
accuracy of measurement, compatibility with conventional analytical devices
including portable measurement tools, low price and prospects of automation and
miniaturization. The first attempts to the electrochemical detection of the choli-
nesterase activity were based on the use of the thiocholine esters that gave the
product, thiocholine which could be oxidized on the solid electrodes to appropriate
disulfide (9).
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ð9Þ

First, the reaction was monitored in galvanostatic regime with Pt net electrodes by
appropriate shifts of the potential related to two processes, i.e. thiocholine oxidation
and iodide oxidation [23]. The latter one was used as a counter ion of thiocholine
ester due to much lower hygroscopicity against appropriate chloride and bromide.
The formation of mixed potential increased the sensitivity of the response referred to
the mediation function of I2/I

− pair [53]. Later on, voltammetric and amperometric
transducers have been introduced for the same reaction detection. However, in these
works, chloride counter ion was used to avoid complication of parallel oxidation of
thiocholine and iodide. As was shown on bare metal and carbon electrodes, thio-
choline is oxidized with rather high overvoltage at about 0.6–0.8 V. The reaction can
result in partial passivation of metal electrodes due to formation of insoluble sulfides.
For this purpose, now the reaction is performed in the presence of mediators
decreasing working potential of appropriate biosensor to 0.15–0.40 V. Prussian blue
[54–56], Co phtalocyanine [57] 7,7,8,8-tetracyanoquinodimethane (TCNQ) [58,
59], silver nanoparticles [38, 60–63] can be used for amplification of the signal
related to thiocholine oxidation. In many cases, the mediators are assembled on
CNTs or carbon black that exert their own catalytic activity. The application of
mediators excludes chemisorption of oxidation products and simplifies recovery of
the biosensor after signal measurement. Interpretation of the results obtained with
thiocholine esters should take into account that the rate of its enzymatic hydrolysis is
lower than that of acetylcholine by 1.5–1.8 times. In addition, thiocholine can release
H+ ions with the dissociation constant comparable with that of acetic acid. This
increases the pH shift during the reaction run.

Potentiometric biosensors utilize pH-metric glass electrodes [63] or polyaniline
layers which potential is pH dependent [64, 65]. Few publications are devoted to
the application of membrane ion-selective electrodes sensitive to choline or
acetylcholine [66–68]. More recently, pH sensitive field-effect transistors (ISFETs)
[69, 70] and conductometric devices [71, 72] have been described as transducers for
the detection of cholinesterase inhibitors. Although it could be stated that poten-
tiometric biosensors are less sensitive in inhibitor detection than voltammetric
sensors, in comparable conditions and with similar enzymatic membranes the
performance of such biosensors is comparable [19].

Second approach to the measurement of AChE/BChE biosensor signal uses
enzymatic conversion of choline resulted in formation of betaine and hydrogen
peroxide (10). The rate of the second step is estimated by the concentration of
hydrogen peroxide which is either oxidized or reduced on the electrode.
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The oxidation of the hydrogen peroxide is promoted by mediators of electron
transfer, e.g., Pt nanoparticles [73], MnO2 [74] and phtalocyanine complex [75].
Horseradish peroxidase (HRP) [76, 77], Prussian blue [78] and CdTe quantum dots
[79] catalyze reduction of hydrogen peroxide.

Choline oxidase differs from cholinesterase by specific activity and pH maxi-
mum of activity. This complicates their co-immobilization on the same support. To
overcome the difficulties, AChE is used in soluble form whereas the residual
activity after inhibitor addition is measured with choline oxidase biosensor.

3.3 Analytical Characteristics of Inhibitor Determination

Performance of cholinesterase biosensors developed for inhibitor determination is
summarized in Table 1 for the period from 2011 to 2015. Previous publications as
well as alternative approaches to toxicant detection were reviewed elsewhere [4, 14,
80]. Main attention is paid to the signal transduction and sensitivity of inhibitor
determination.

As could be seen, many of the biosensors developed were tested on standard
inhibitors, i.e., paraoxon as a model of organophosphates and carbaryl as a repre-
sentative of carbamate pesticides. Relative sensitivity of response toward other
inhibitors commonly coincides with the values of appropriate kII values determined
for free enzyme. This rule does not work if inhibitors are accumulated on the
carbonaceous supports, e.g., CNTs or carbon black. Thus, relative sensitivity of
malaoxon and paraoxon determination with appropriate biosensors is opposite to
that expected from inhibition kinetics [38, 62]. The same reason explains significant
decrease in the detection limits of irreversible inhibitors observed in recent publi-
cations in this area.

AChE from E. eel is mainly applied for inhibitor detection due to its high
specific activity and broad selectivity toward various substrates. The application of
BChE from horse serum increases relative response toward organophosphates
against that of carbamates. For this reason, this enzyme source has some advantages
in detection of nerve gases or in attempts to increase the selectivity of the response
in the mixtures of irreversible inhibitions.

As was mentioned before, all the commercial enzymes are produced by genet-
ically modified microorganisms so that their prize tends to decrease. For the same
reason, the aspects of enzyme purity and special purification are not considered in
appropriate publication devoted to biosensor design.
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The variety of inhibitors detected does not fully correspond to the capabilities of
appropriate biosensors. Thus, the use of cholinesterases from various sources for
heavy metal detection was rather popular in the past decades due to attempts to
create the systems for the total assessment of the sample toxicity [119–122]. Among
others, Hg(II), As (III, V), Ag(I), Cu(II), Ni(II) are mainly mentioned as choli-
nesterase inhibitors [123]. Although the above mentioned metals exert inhibitory
effect on cholinesterase on ppm-ppb level, their influence is non-selective and the
detectable concentrations are higher than their limited threshold values and char-
acteristics achieved by atomic spectroscopy. Nevertheless, the interest exists in the
part related to improvement of biosensor based detection of more dangerous con-
taminants. Metal ions as reversible inhibitors are able to partially suppress irre-
versible inhibition and hence to underestimate toxic species content. In
multisensory systems, the inhibition of cholinesterases can be compared with that of
urease, the enzyme more sensitive toward metals and less sensitive than choli-
nesterases toward organophosphates [122, 124]. Alternative approach assumes the
use of cholinesterase from several sources and chemometric treatment of the results
[125, 126].

In addition to heavy metals, some other non-specific inhibitors have been
determined with cholinesterase biosensors. Thus, surfactants affect the enzyme
activity measured by conductometric sensor [122, 127] or potentiometrically [128].
Hypochlorite ions irreversibly damage AChE globule estimated by the potentio-
metric biosensor response [129].

The detection systems described during the past 5 years utilize the well-known
principles proposed earlier. Most of the articles describe amperometric transducers
with mediated thiocholine oxidation monitored either continuously or in batch
regime. High reliability of the detection system as well as suppression of interfering
chemisorption of the products on the electrode made it possible to develop
microfluidic systems and lab-on-chip devices with electrochemical [85, 130, 131]
and fluorescent [132] detection of the signal. Although the enzyme activity was
found to be stable in the flow-through conditions, the sensitivity of inhibitor
detection was sufficiently lower than that in batch conditions. Thus, the LOD of
420 nM of malathion [131] and 10 nM of carbaryl [132] were achieved in flow
regime. This is significantly higher than the characteristics of conventional devices
(see the results presented in Table 1 for comparison).

Although most cholinesterase biosensors utilize common transducers, a number
of new approaches can be mentioned. Thus, the phenomenon of biometallization
was proposed to amplify the AChE signal toward the substrate and inhibitors [133].
In this optical biosensor, liquid crystals of AChE are used. The thiocholine released
from the substrate hydrolysis reacts with the AuCl4

− ion to form Au nanoparticles
that disrupt the orientational arrangement of liquid crystals and hence changes the
optical properties of the surface layer. The biosensor was tested on sub-nanomolar
concentrations of organophosphate inhibitor.

In the second approach, the association and dissociation of polyelectrolyte
complex between polycarboxylated polythiophene and myristoylcholine was
recorded by absorbance spectroscopy in the presence of AChE [134]. The addition
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of myristoylcholine in the system resulted in disaggregation of the thiophene
derivative whereas the hydrolysis of the additive in the presence of the enzyme
returned the reaction to aggregation. The detection system allows visual detection
of very small AChE activity and can be potentially applied for enzyme inhibition
quantification.

The sensitivity of thiophosphate detection significantly depends on the sample
pre-treatment. Thiophosphorus pesticides, e.g., malathion, parathion, etc., exert
only weak reversible effect on human AChE. In the insects, such compounds are
metabolically converted in highly toxic oxon derivatives which are real anti-
cholinesterase agents. The application of thiophosphates referred to the second
generation of insecticides is explained by lower acute toxicity of such chemicals
against first generation pesticides (paraoxon, malaoxon, etc.) for warm-blooded
organisms. For this reason, the appropriate pesticides should be first oxidized prior
to their contact with the cholinesterase biosensor. This can be made by mixing the
standard solution or extract with bromine [38, 62, 74] or bromosuccinimide [135].
The oxidant can be generated by electrolysis of bromides or chlorides performed in
the same working cell as the inhibition of a biosensor [136]. The excess of the
reagent can be easily removed by addition of formic acid or thiosulfate. In some
publication devoted to cholinesterase biosensors such a stage of a pesticide ‘acti-
vation’ is assumed but not described in detail. This might be a reason of difference
in the sensitivity of the biosensors utilizing the same enzyme and inhibitor. The
electrolysis with soluble Al anode was also suggested for removal of phenolic
compounds precipitated in the salt forms. This precipitation decreased their inter-
ference with cholinesterase detection of organophosphates residuals in grape must
and wine [137].

As was mentioned in Sect. 2, inhibition degree is mostly used for the inhibition
quantification and inhibitor determination. In semi-logarithmic plots, the appro-
priate graph is linear within 2–3 orders of magnitude. In many cases, the whole
curve is approximated by two linear pieces which dramatically differ in their slope.
The idea to increase the range of concentration determined by such mathematical
treatment requires consideration in each particular case. An original approach to
data processing is suggested in [138] where quantification of inhibitory effect of
captan, a new fungicide, is described. The results obtained are processed using
principal component analysis followed by establishment of non-linear regression
models. The results show rather high accuracy of the prediction of inhibitor con-
centration for fully non-linear calibration plots.

Low selectivity of irreversible inhibition of cholinesterases remains a main weak
point of appropriate biosensors in the detection of potential hazards. Regarding
chemical warfare, extremely high toxicity of nerve gases makes it possible to avoid
possible influence of other anticholinesterases by sample dilution. As to insecti-
cides, the assessment of their mixtures is limited by some reasons related both to the
measurement protocol and inhibition mechanism. Ellman’ Eq. (3) shows non-linear
contribution of individual inhibitors in resulting decay of enzymatic reaction rate.
The difference in kII values of inhibitors does not allow quantifying their content by
a single biosensor. To some extent, distinguishing the signal can be reached by
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multi-parameter assay. For this purpose, several biosensors different in enzyme
source are applied with the following chemometric treatment of their responses
[126, 139–143]. In addition, the results of cholinesterase reactivation can be taken
into account. It should be mentioned that the reliability of such calculations assumes
the fulfilment of strict requirements to the measurement conditions. The use of
organic solvents and solid supports for enzyme immobilization can alter the inhi-
bition measurement and disturb the calculation results. The number of such mul-
tivariate estimations of inhibitor concentrations based on biosensor technologies
grows but their application for real samples seems to be rather far in the future.

4 Conclusion

The risk associated with anticholinesterase species, i.e. pesticide residues, myco-
toxins or chemical warfare, is a great challenge in food industry, agriculture and
environmental monitoring. Besides some industrial contaminants, e.g. polychlori-
nated polyaromatics, polyfluorinated compounds and endocrine disruptors, they are
of great concern due to large application scale and sever consequences of poi-
soning. This calls for the development of portable analytical devices for their fast
and reliable detection on the level of limited threshold values. The biosensing
principles offer such opportunities based on the biorecognition principles as an
alternative to conventional instrumentation mostly used in well-equipped
laboratories.

The biosensors based on immobilized cholinesterases can serve as early warning
devices for preliminary testing of food and agriculture samples (soil, ground water,
fertilizers, household equipment).

Three directions of the further progress of the cholinesterase biosensors in the
specified area can be named.

• Significant improvement of the stability of immobilized enzymes and decreased
drift of the biosensor performance during the storage. Most of the cholinesterase
biosensors described show the lifetime of several months. Moreover, the sen-
sitivity of the signal toward inhibitors is checked in rare cases. More frequently,
the substrate signal is recorded as a measure of residual enzyme activity. The
application of biosensors needs the prolongation of the storage period for at least
one year.

• Selectivity improvement. Most of the measurements performed in the
multi-analyte mixtures represent an estimated of their total inhibitory activity
with no selection of the signal into individual contributions of the analytes. The
use of genetically modified proteins tested 15-20 years ago did not show sig-
nificant progress except selected inhibitors like paraoxon. Group specificity of
the response is achieved by simultaneous consideration of inhibition and reac-
tivation of the biosensors. Besides, chemometric approaches are demanded for
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the processing of multisensory systems utilizing several enzymes or transduc-
tion principles.

• Expanding area of biosensor application. Most of cholinesterase based biosen-
sors are intended to use in aqueous solutions though most of the anti-
cholinesterase species are hydrophobic. The use of diluted solutions with a
portion of polar organic solvents does not alter the biosensor performance but
significantly decreases the biosensor lifetime. Among extract testing, organic
solvents are used in the industrial production of new chemicals which should be
tested for biological activity to avoid the distribution of potentially highly toxic
chemicals in the environment. The enzyme stabilizers as well as further efforts
in the immobilization techniques can improve the situation with biosensor
operation in extreme media.

The automation and miniaturization of the biosensors is another challenge for
cholinesterase biosensors. The irreversible inhibition assumes at least three stages
of the measurement, i.e. initial signal measurement, incubation performed in the
absence of the substrate and second signal measurement followed by the calculation
of relative degree in the enzyme activity. The attempts to perform the measurement
in a way adopted from reversible inhibition, i.e., with simultaneous addition of the
substrate and inhibitor, showed remarkable increase of the concentrations detected.
This is not very important for nerve gases but critical for pesticide detection. Then,
the inhibition assumes the replacement of the enzyme after its contact with the
sample tested, i.e. the introduction of replaceable elements (membranes, columns,
or cartridges) questionable in flow regime. The recovery of cholinesterase activity
worsens the repeatability of the signal and increases the chance for a wrong
response. For this reason, microfluidics operating with microliters of free enzyme
can receive privilege. The application of magnetic nanoparticles for replacement of
immobilized enzymes might be an elegant solution compatible with flow-through
format.

The validation of enzyme inhibition data is a methodological problem actively
discussed. The impact of pesticide residues in common situations is still far from
those assessed as harmful. Their detection requires reliable quantification of the
signal on the level of several percentages of inhibition. And vice versa, the
assessment of the risks related to industrial accidents and terrorist attacks demands
fast identification of the toxic species with no respect of their actual concentrations.
In both cases, high accuracy of the measurement of extreme inhibition degrees is
required. Enzymatic sensors cannot give a reliable response with identification of a
toxicant except very rare cases. The anticholinesterase pesticides are detected in
total with rather limited information about the source. Nevertheless, the early
diagnostics of anticholinesterase species leaves promises to safe life and health of
poisoned people especially those with acute toxic effect far from the hospital.
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Efficiency of Non-label Optical Biosensors
for the Express Control of Toxic Agents
in Food

Nickolaj F. Starodub and Nelja F. Shpirka

Abstract This chapter is devoted to the analysis of the efficiency of a different types
of the immune biosensors for the control of toxic agents among of environmental
objects, The main attention is paid to the non-labeled immune biosensors and, in
particular, optical ones. Among them the immune biosensors based on the porous
silicon (PS), surface plasmon resonance (SPR) and total reflection internal ellip-
sometry (TIRE) are detailed considered. In additional to, the immune biosensors
based on calorimeter and thermistors as well as on the piezocristals are described. As
model of toxic elements the synthetic chemicals as pesticides and nonylethoxylates
as well as the nature biological substances, in particularly, a number of mycotoxins:
T2, aflatoxins, patulin and others are used. It is necessary, to underline that the
analysis was fulfilled with the model solutions and with real samples: some corn,
vegetables and fruits. At the end of the chapter the perspectives of the developed
instrumental analytical devices based on the principles of biosensorics are analyzed.
Especially it draws attention to the development of multi-parameter portable
biosensors based on the basis of the nano-structured porous silicon (nano-PS) from
one side and on the artificial selective template surface, calyx(4)arenas and aptamers.

Keywords Toxins � Environmental objects � Control � Immune biosensors �
Optical � Non-labeled

1 Introduction

Scientific-technical progress gives a lot of new possibilities to sharply increase the
life of people but it brings, unfortunately, simultaneous a number of difficulties for
human which should be overcome with the including of the specific measures for
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the adaptation of the living organisms to the new conditions. At first it means the
application of very wide specters of chemical substances. According to classifica-
tion from the position of ecology and sources of manufacturing the chemical
substances (ChS) may be divided on: pesticides, products of industry (polychlori-
nated biphenyl’s, hexachlorbensens) and concomitant substances (dioxins, furans
and polycyclic hydrocarbons) [101]. The production of similar substances in USA
only has achieved in 1997 ≈ 5 × 109 tons [52]. In spite of the fact that controlling
units in all countries are recommend using biodegradable surfactants but their
mineralization can not be complete and they accumulate gradually in natural water
sources [18]. Acute effects of ChS are well known and the cases of their mass use in
big concentrations as results of disasters are described in details [11, 24]. Chronic
sub-lethal effects of ChS are associated with the worsening reproductive perfor-
mance, influence on skin, immune, neural and endocrine systems [8, 15, 49]. ChS
may be absorbed by phytoplankton, filtrated organisms and vegetables [25, 40, 98].

Pesticides are as the essential part of the modern agro technologies. Due to their
use we have possibility to keep 50 % of the crop capacity. However, in conse-
quence of high toxicity of pesticides there is needed a complex system to eliminate
their negative effect and first of all it concerns the constant control of these sub-
stances in different classes of environmental objects.

Other aspect of the scientific-technical progress is in the intensification of the
production of ChS and their application as detergents in different fields of the
human activity and especially in the domestic conditions. As a rule, such ChS has
not direct toxic effect but after biodegradation some substances are formed from it
which may be delivered to so-called “endocrine disrupting factor”. Nonylphenol
ethoxylates (nPhEthO) are as one group of such factors [79, 80].

The next third of ChS belongs to biological derivatives which naturally are
widespread among products and, moreover, may be used in purified form as
instrument for attack of bioterrorist [23, 85]. The problem with weapons including
bio- and chemical substances exists a long time. One of group of biological toxins is
presented by mycotoxins which include more than 300 individual substances
produced by different fungi strains [47]. T2 mycotoxin, aflatoxins, searelenone,
patulin and others cause a great interest since they are widespread and characterized
by high level toxicity. T2 mycotoxin has more toxic effect (in 400 times) than
mustard gas and lewisite [47, 68]. It is well-known that mycotoxin T2 was packed
into rockets, bombs, cisterns, some explosive cylinders, hand-grenade and they
were applied in Laos and Afghanistan as yellow rain [51, 68]. This mycotoxin may
be prepared by very simple way. Both circumstances (simplicity obtaining and high
level of toxicity) form a very serious problems since these toxic elements may be as
instrument for bioterrorists. There is necessity to mention that the use of toxins in
generally among others groups of biological weapon by terrorists is the most
probably since viruses and bacteria present big danger not for victims only but for
executors of terrorist act too.

The list of ChS which are produced and widely used may be continued and
continued but at last we would like to pay attention nano-particles. In recent
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decades, it was created several thousands of varieties of nanomaterials, and
therefore the possibility of exposure nanoparticles on animals, humans and the
environment in whole is increased [63]. A number anthropogenic sources, such as
metallurgical, cement industry; combustion of coal, polymeric compounds, oil, gas,
diesel fuel, and other processes have significantly increased contents of nanopar-
ticles in the environment [70]. It is generally recognized that changes in the physical
properties of the material at the transition to form nanoparticles naturally accom-
panied by changes in its biological effects. In particular, a substantial their accu-
mulation, in the lung, penetration to the tissue, overcoming skin barrier, ability to
have the so-called “inflammatory potential” and to interact with different biological
molecules, including nucleic acids as carrier of genetic information [27, 96]. The
level of hydrophobic properties and the presence of electrical charge increase
nanoparticles to binding with biomolecules and to their accumulation and in
organisms since the immune system often is not able to recognize presence of such
complexes [31].

Despite the dramatic increase in the use of nano sized materials, little infor-
mation is available on their potential toxic effects on the environment. Their
potential deleterious effects on ecological health should be identified to allow their
safe use. Most current literature on the toxicity of nanoparticles come from mam-
malian studies that focus on respiratory exposure or from in vitro assays with
mammalian cells [6]. In last time it was taken the attention to the estimation of
nano-particles on the reproductive function of animals which is under effect of these
substances [9, 33]. The ecotoxicological studies of nanoparticles are much more
limited, with only a few reports focusing on the acute toxic effects of nanoparticles
on the aquatic biotas [32].

Especially there is necessary to underline that for the an effective as well as safe
use of nano-particles and different composites with their participation the detailed
and comprehensive analysis should be done not only concerning general toxicity of
these substances and in respect of their genotoxicity since the last effect may be
reflected in form of cancerogenesis for living organisms and more significantly in
arousing genetically mutations in next generations. That is why there is a very
important to control of the level of genotoxicity of nanomaterials.

Taken into account the global dispersion of ChS and extraordinary dangers
which they present for living organisms there arises necessity to resist imminent
catastrophe. In really such situation is formed when a large scale of production and
consumption of ChS is exist.

Now, there is a very important question: how to prevent non-desirable conse-
quences, to preserve live and health of people. To counteract this undesirable
situation it arises a urgent necessity in the organization of the permanent control
since, as a rule, the ChS are toxic, stable, and have the ability for bioaccumulation
and long term transferring in atmosphere [101]. These substances may influence on
the living organisms far from places of their production and on remote territories.
So, discovering chemicals in Arctic where they are never been produced and where

Efficiency of Non-label Optical Biosensors … 387



their concentration are increased up to level which is threatening for wild nature and
humanities is confirming the global character of their dispersion [4, 54].

In all cases there is necessary to have instrumental analytical devices for the
express, sensitive and simple monitoring of the contamination of the environmental
objects by the concrete toxins.

Certainly, to prevent non-desirable effect and to do effective this monitoring we
developed some family of biosensors for the fulfillment of control on the third
levels. At first it is foreseen the determination of the general toxicity of the analyzed
objects, than the revealing what is group toxins presented in the contaminated
material and last the discovering of the individual chemical substance.
Unfortunately, the existing conventional methods of analysis often do not satis-
factorily solve these practical needs, since they are sophisticated, time-consuming,
expensive and difficult to be applied under on-line regime and on-field conditions.
There is thus a specific need to use a new generation of instrumental analytical
devices, in particular, based on the principles of biosensorics. Nevertheless, among
them, some developed variants do not meet the requirements of practice due to their
complexity, high prices and others disadvantages or to lack of adaptability in the
analysis of required indicators.

To overcome this gap between biosensor development and practical demand, we
have started studying a number of optical and electrochemical biosensors capable to
fulfill analysis under real time and on-field conditions as well as to check simul-
taneously a large number of samples and analytical parameters. This article is
devoted to analysis of biosensors which were created by us. Among the different
types of proposed biosensors, we have paid special attention to portable optical
systems suitable for working under on-field conditions and obtaining results in
on-line regime without the application of any additional labels, which are used, as a
rule, in these cases. Recently, it has been demonstrated that achieving such goals is
possible by applying nano-structured porous silicon as a transducer surface with the
registration of the specific signal through measuring photoluminescence or photo-
conductivity. Such biosensors are very effective for screening observation. We pay
attention too that the results of analysis (especially mycotoxins) depend on the
conditions of the sample preparation.

2 Creation of Non-labelled Immune Biosensors
for the Determination of Low Weight Toxic Synthetic
Substances in Environment [79, 80]

In this section we would like to demonstrate efficiency of the immune biosensor
based on the porous silicon (PS) at the determination of such low weight toxins as
nonylphenol (NP) and 2,4-dichlorophenoxyacetic acid (2,4-D). Moreover, it will
compared the obtained results with that which were demonstrated by the immune
sensor based on the surface plasmon resonance (SPR).
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2.1 The Overall Characteristics of PS Obtaining
and Specific Signal Registration

To prepare PS samples the monocrystalline (MK) silicon plate (p-type with the
specific resistance (ρ) = 10 Ohm/centimeter) was treated at first by computer
controlled and in-focus beam from YAG: Nd (yttrium-aluminum garnet, alloyed
Nd3+) laser (wave-length λ = 1.06 μm, pulse duration τ = 2 × 10−4 s and energy
E = 0.3 J) in the regime of surface scanning. Then this plate was immersed in the
mixture of HF: HNO3: H2O = 1:3:5 (in volume ration) for 3–10 min. At last the
obtained plates of PS was cut into sections with the dimensions in 4 × 4 mm2. The
total scheme of PS preparation is given in Fig. 1. The dimensions of pores (diameter
and depth) were controlled by atom force microscopy (AFM).

To observe visible PhL the PS plate was placed in quartz cell with the volume of
2 ml and was exposed to He-Cd laser beam (wave-length λ = 440 nm,
power = 0.001 Watt. The intensity of PhL was measured with the use of the set
included standard monochromator, photoelectric multiplayer (FEU-83) and per-
sonal computer (PC). The overall scheme of excitation and measurement of
intensity of PS PhL is shown in Fig. 2. Before immobilization of biological com-
ponents the surface of PS was washed by ethanol and several times by distilled
water and then PS samples were dried at the room temperature in laminar-cleaned
conditions. Immobilization of biological components was accomplished by passive
sorption. For this purpose PS samples were dipped in the solution of one of immune
component, which was taken in the appropriate concentration and they were
incubated during some time (the concentration of solutions and time of immobi-
lization were determined by experimentally way). After immobilization of bio-
logical components PS surface was washed by the phosphate buffer (20 mM, pH
7.3) contained NaCl (140 mmol/l) and then it was dried.

The observed depth of pores was in range 10–200 nm and their diameter (d) and
width of rising (silicon crystallite) was from 50 to 400 nm. In concordance with the
classification of PS on the micro- (d < 2 nm), meso- (2 nm < d < 50 nm) and macro-

MK silicon plate

Laser treatment
(YAG: Nd laser; =1,06 µm;  = 2x10-4 sec; E = 0,3 J)

Chemical treatment (HF : HNO3 : H2O = 1 : 3 : 5), 3-10 min

PS (dimensions: 4 4 mm2, diameter of pores: 50-400 nm)

PhL registration (He-Cd laser nm, P = 0,001 Watt)

Fig. 1 The overall scheme of
PS preparation
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(d > 50 nm) porous [72] and according to our AFM analysis the obtained PS
samples may be characterized as macro porous structures. PS had maximal level of
fluorescence at wavelength of 650 nm with semi-band *400 meV. The intensity of
its fluorescence increased at the increasing of laser beam density from 11.5 to
33.5 J/cm2. That is why we kept this index at the level of 33.5 J/cm2. Exponent
describes the spontaneous decreasing of PhL intensity at the temperature of 300 K
and this effect is occurred during ≥200 μs. Some details of the determination of the
specific immune complex formation were described early [75–78].

Three main types of analysis were compared: (a) the competitive way when the
conjugate of 2,4-D or NP with bovine serum albumin (BSA) or soybean inhibitor of
trypsin (STI), or ovalbumin (Ova) immobilized on the PS and free appropriate
substance compete for specific antibodies (Ab) in the solution; (b) the same way as
in point “a” but free 2,4-D or NP and their conjugates compete for specific Ab
immobilized on the PS and (c) the direct way when appropriate specific Ab were
immobilized on the PS and free 2,4-D or NP were alone in solution.

2.2 Efficiency of the Immune Biosensor Based on the PS
at the Control of Low Weight Toxic Synthetic
Substances

In case of use competitive analysis (when free and conjugated with BSA 2,4-D com-
peted for Ab immobilized on the PS surface) we have obtained the sensitivity of 2,4-D
analysis on the level of 5 μg/L and linear plot was in frame of 5–200 μg/L (Fig. 3).

If the conjugated 2,4-D with BSA was immobilized on the PS surface and free
2,4-D and specific Ab were in solution to be analysed the sensitivity analysis was

Fig. 2 Block scheme of device for PS PhL measurement. 1—laser, 2—modulator, 3—prism, 4—
aluminum mirror, 5—quartz cell, 6—PS sample, 7—UM-2 monochromator, 8—FEU, 9—PC,—
laser beam,—PhL quanta, —electrical connections
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higher, approximately in 5 times (up to 1 μg/L). The optimal conditions of NP
analysis were in general the same as for 2,4-D but in this case we used antiserum
(not pure Ab). That is why first of all the optimal dilution of antiserum was
determined. It was shown that this dilution should be about 1:7500 since in this case
we can have about 50 % of maximal sensor response (Fig. 4). The sensitivity of NP
analysis by competitive way and in case of the immobilisation of NP-BSA on the
PS was 10 μg/L (Fig. 5). So, the developed immune sensor allows providing rapid,
sensitive and selective analysis of individual pesticides.

We would like to pay attention on the possible mechanism of the work of these
immune biosensors. According to our hypothesis the work of the immune sensor
based on PS PhL is connected with hydrogen proton interruption from PS surface
by the formed immune complex. It is accompanied by sharply decreasing intensity
of ChL. The last process is directly proportional to the intensity of immune complex
formation. The obtained results (Fig. 5) testify that two process, namely, inter-
ruption of hydrogen from surface and its blocking by biological molecules may
effect on the PS PL.

The binding of small molecules (2,4-D and NP) with immobilised specific Ab
has an influence on the PS PL at their high concentration only. At the same time
conjugates of these molecules with some protein are able to change of parameters of
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Fig. 3 Changes of intensity of PS ChL at the analysis of free 2,4-D in solution. 2,4-D-BSA was
immobilized on the surface. Time of incubation 30 min
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Fig. 4 Left The level of sensor signal at the different dilution of specific antiserum. The
concentration of free NP was 100 ng/ml. The time of incubation of PS surface with mixture of
antiserum and free NP was 30 min. Right The dependence of immune sensor signal on the
concentration of NP in solution to be analyzed
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PS PL more effective. Maybe the presence of a big mass of target molecules at the
low weight substances causes the additional blocking of PS recombinant centres.

It was compare the efficiency of NP and 2,4-D analysis by the immune
biosensors based on the PS and SPR. In last case the glass plate with 20 nm
thickness of the evaporated gold film were as transducer. We have too analysed in
detail three main variants of approaches: (a) conjugate (NP or 2,4-D with some
protein—BSA, or STI, or Ova) was direct immobilised on the gold surface and free
NP or 2,4-D with appropriate antiserum were in solution; (b) the specific Ab from
antiserum was immobilised on the gold surface through intermediate layer from
Staphylococcal protein A or some lectin and free NP or 2,4-D as well as NP or
2,4-D conjugated with some protein were in solution; (c) the same as in “b” but Ab
immobilised and oriented toward solution reacted with free NP or 2,4-D and then
with appropriate their conjugate (approach with to saturation of active binding sites
on the surface). In all cases the surface was preliminary treated by polyelectrolites
self assembled (PESA) as it was described early [55, 56]. The obtained results are
shown in Fig. 6). It was shown that in case of the immobilisation of specific Ab
from antiserum on the gold surface covered by PESA or PESA with lectins we
obtained the same sensitivity of 2,4-D determination, namely: about 1 ng/ml. If we
used procedure of the immobilisation of specific Ab from antiserum on the gold
surface covered by PESA with protein A and fulfilled competitive analysis the
sensitivity of the 2,4-D determination was increased approximately on one order.
Maybe protein A is more effective intermediate agent for the directed orientation of
Fab-fragments of Ab towards solution than lectins. It is connected with that Ab may
have carbohydrates not at the Fc-fragment only and at the Fab-fragments also. In
case of preservation of the similar immobilisation procedure but at the fulfilment of
analysis with to-saturation of active binding sites on the surface some smaller
concentration of 2,4-D may be registered.

Nevertheless in model experiments with the corn at the same conditions we can
determine 2,4-D in concentration about 0.1 ng/ml only. The model experiments
were fulfilled in two ways. (1) 2,4-D in different quantities (mass ratio) was added
to corn and carefully mixed. Then corn was washed by the solution of ethanol.
(2) Corn was reduced to fragments and extracted by tris-HCl buffer with pH of 7.5.
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Fig. 5 The changes of intensity of PS PhL at the analysis of free 2,4-D by the competitive (o) and
direct (•) analysis. Time of incubation 15 min. Concentration of 2,4-D-BSA—100 mg/L
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Then 2,4-D was added to extract in different concentrations. Probably in both cases
some part of 2,4-D was adsorbed on the corn particles and as result of it the
concentration of this substance was sharply reduced. At the immobilisation of
specific Ab from antiserum on the gold surface covered by PESA with protein A
and at the fulfilment of analysis with to-saturation of active binding sites on the
surface the sensitivity of NP determination may be on the level of 1 ng/ml and
lower.

2.3 Efficiency of the Calorimetric Immune Biosensor
at the Control of Low Weight Toxic Synthetic
Substances

This biosensor was designed in two different forms: as micro calorimeter and
thermistor based devices. Efficiency of immune biosensor for the determination of
low molecular substances we will demonstrate by the results obtained in the
experiments with NPh [21, 22]. The portable biosensor based on the microcol-
orimeter and thermistors are shown in Fig. 7.

For successful development of the calorimetrical biosensor at first it was nec-
essary to set the optimal concentration of antiserum (for example antiserum to
NPh). For this purpose 150 µl antiserum in different concentrations was brought in
a measuring cell and incubated during 15 min for establishment of base line (for this
time a temperature in a barn was set on an optimum level). Then 50 µl solution of
NPh in concentrations of 1; 5 and 10 µg/ml were brought into the cell. So, it was set
that the optimum concentration of antiserum was about 5 mg of protein in 1 ml.

For the determination of NPh in solutions with the help of thermal biosensor it
was necessary to build-up corresponding calibration curve. For this purpose 150 µl
of antiserum (in concentration 5 µg of protein in 1 ml) was brought into a
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Fig. 6 SPR immune sensor response in the presence of different concentrations of 2,4-D in
solution. Left—Conditions: Ab (antiserum) were immobilised on the surface covered by PESA and
protein A. 2,4-D-BSA saturated bounds left free after interaction with 2,4-D solution. Right—
Conditions: specific Ab (antiserum) were immobilised on the surface covered by PESA and
protein A, NP-STI saturated bounds left free after interaction with NP solution
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measuring cell and then 50 µl of NPh in a range of concentration from 0.5 up to
10 µg/ml was pumped into the measuring cell. Thus, it was demonstrated an
opportunity of “direct” detection of NPh by calorimetrical biosensor with the
sensitivity about 1 µg/ml. The overall time of analysis is about 20–30 min.

Certainly that the sensitivity of the determination of NPh by thermal immune
biosensor is much less than in case of application of SPR or TIRE biosensor but it is
necessary to mention simplicity of measurement fulfilment. Maybe thermal
biosensor could be used for the screening of toxic elements in environmental
objects with next verification of results of analysis by optical immune biosensors.

2.4 Conclusion

At the optimisation of all parameters of the analysis by the proposed immune
sensors it is possibility to reveal the concentrations of 2,4-D and NP on the level of
practice demands, in particular, less than 0.1–1 μg/L, respectively. The total time of
analysis was about 6–10 min only. The developed immune sensors allow providing
rapid, sensitive and selective analysis of individual pesticides. These immune
sensors may be created as stationary and portable devices. The last model of
biosensors may be used for fulfilment of analysis in field conditions. The main
principle of work of the immune sensor based on the SPR is common known.
According to our hypothesis the work of the immune sensor based on PS PhL is
connected with hydrogen proton interruption from PS surface by the formed
immune complex and blocking of active silicon sites. It is accompanied by sharply
decreasing intensity of ChL. The last process is directly proportional to the intensity
of immune complex formation. There is necessary to underline that the immune
biosensor based on the PS is more simple and more cheap than that based on SPR
and it can be used for wide screening observation of environmental objects.

Fig. 7 Thermal biosensor
system based on the principle
of the measurement of the
heat transferring and the solid
phase electrolyte thermistors.
1—thermal sensitive unit; 2—
interface with the registration
unit; 3—laptop
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3 Creation of Non-labelled Immune Biosensors
for the Determination of Low Weight Biological Origin
Toxic Substances in Environment

In this section it will be given the main attention to the immune biosensors for
control of level of mycotoxins in different environmental objects.

3.1 General Characteristics of Mycotoxins and Methods
of Their Analysis

Different generations of micromycetes are able for the synthesis of a big set of
mycotoxins: aflatoxins, rubratoxins, ochratoxins, fumonisines, trichothecenes and
others [14]. Mycotoxins may be found in desert, in alkaline lands and in highland
regions although they are more characteristic for middle latitudes [17]. These toxins
are accumulated in feeds and foods at the appropriate temperature which promotes
to grow of fungi’s. They present a special group of low-molecular weight and
non-immunogenic substances which as a rule have thermo stability. Different types
of mycotoxins may cause intoxication with the destruction of organs and tissues:
liver, kidney, oesophagus, bowels, brain and genitals. That is why, mycotoxins are
included into list of substances which content in foods, feeds and row materials
should be regulated. According to State standard of Ukraine (DSTU 3768-98) the
maximal content of T2 in corn for the bread and technical grain is permitted on the
level of 0.1 and 0.2 mg/kg, respectively. In Czech Republic the determination of
mycotoxins is included in the system of the environment monitoring [60].

3.2 Specificity of Biosynthesis of Mycotoxins

The mechanisms of the formation of mycotoxins from the primary metabolites
depend on producer type and biosynthesis conditions. Among them it is distin-
guished next: (1) polyketide specific for aflatoxin, ochratoxin, patulin and others;
(2) terpene which is correspond to trichothecenes; (3) mediated trough cycle of
tricarboxylic acids (in case of rubratoxins); (4) amino-acid when initial substances
are presented by some structures (ergoalcaloids, cyclopiasonic acid and others) and
(5) hybrid (composition of two or more mechanisms) which is typical for
cyclopiasonic acid [83]. The main way for the biosynthesis of big group myco-
toxins is polyketide mechanism. Depends on quantity of the incorporated C2-units
mycotoxins which are synthesized according to first mechanism are divided on
tetraketide (patulin), pentaketide (ochratoxin), hexaketide, heptaketide, octaketide,
monoketide (zearalenone) and decaketide (aflatoxins).
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3.3 Chemical and Physical Abilities of Trichotecenes

They are belong to chemical substances named as sesquiterpenoids and tri-
chothecene ring contended olefinic bond between C-9 and epoxy group in field of
C-12, 13 is their speciality [16]. There are up to 150 derivates of such structure.
Depends on structure of trichothecene center mycotoxins are divided on four
groups: A—when substances have H or OH groups at C8; B—in case of the
presence of carboxylic group at C8; C—micro cyclic trichothecene and D—when
the second epoxy group is at C7 [2].

Trichothecenes are low-molecular substances (250–55 Da), non volatile and bad
soluble in water but they have a good solubility in acetone, ethyl acetate, chloro-
form, dimethyl sulfoxide, ethanol, methanol and propylene glycol [16]. Pure tri-
chothecenes are characterized by the low level of the steam tension but they
evaporate at the heating with organic solvents. High purified mycotoxins have wait
color and fixed melting point [2].

Micotoxins may be preserved in solution or crystalline form at that they are
stable at the light and oxygen effects. They do not inactive at the influence of 480 °
C during 10 min or at 260 °C during 30 min. For chemical neutralization of T2
mycotoxin 3–5 % of solution of sodium hypo chloride is used the efficiency of
which may be improve by some quantity of alkali [104].

3.4 Biotransformation of Trichotecenes

As opposite to others mycotoxines trichotecenes do not require a preliminary
metabolic activation for the manifestation of their toxicity [12]. At the application
on the skin or in case of use with food trichothecenes cause immediately irritation
of skin or mucous of bowels. In experiments with single cells or their cultures it was
shown that trichthecenes cause disintegration of polyribosome and as result of it the
inhibition of protein synthesis starts (Ciegler and Bennett [14, 104]. Lipophilic
character of trichotecenes gives them to sorb simple and fast on the skin and
mucous of tissues. At the “per os” introduction of mycotoxin to mouse the peak of
its concentration appears in the range of one hour [46, 106]. A different cells
transform T2 toxin trough removal of oxygen from epoxy ring at the C-12, 13
position with the formation of binary carbonic bound and with the oxygenation of
isovaleric side chains [95, 109]. Pancreas and bowels tissues are as main organs
which metabolize trichotecenes. Pharmacokinetics investigations are shown that T2
mycotoxin appears in blood serum aside from way of introduction in organism. Up
to 95 % of T2 mycotoxin introduced by intravenously is removed form organism
through urine and excrements in ratio of 3:1 [103].
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3.5 Some Biological Effects of Trichotecenes

Mycotoxins effect on a many organs and the most toxicity was revealed for A type.
Nevertheless, mycotoxins of D type have a small toxicity in spite of the presence of
two epoxy groups. The reduction of double bond leads to minor decreasing of the
toxicity but at the lost of epoxy ring at C9–C10 stipulates sharply its reduction [62].

Semi lethal dose (LD50) at the T2 inhalation is 200–5800 mg*min/m3 [106] the
similar results may be achieved for lewisite and mustard gas at the dose of 1500–
1800 mg*min/m3 [105]. At the application of T2 mycotoxin on the skin LD50 is on
the level of 2–12 mg/kg and it is higher than in case of mustard gas (100 mg/kg)
[31]. The process intoxication may be increased much more if T2 mycotoxin will be
used as solution based on dimethyl sulfoxide [95]. At the low concentrations of T2
mycotoxin it is observed the inhibition of growth of young animals and the
decreasing of their stability to diseases as the result of immune system destroying.
In particular, experiments with birds have shown that this mycotoxin may effect on
the immunocompetent organs [41]. Firstly, T2 mycotoxin was revealed at the cow
toxicosis and it was stated that Fusarium tricinctum is as main producer.
Mycothecium, Trichoderma, Trichothecium, Cephalosporium and Stachybotrys
may provide synthesis of this toxin but in much less level [3]. It was registered the
intoxication of horses in Japan and symptoms of the intoxication were revealed at
the concentration of 1 mg/kg [100]. The similar disease accompanying by murrain
was observed among goslings and turkey poultry [42]. The incident of the people
disease as result of using of foods fabricated from moldy wheat was described [5].
During number years in Bashkiria and Orenburg district it was registered accidents
of people death as result of using of foods fabricated from grain (millet, wheat and
barley) which was passed the winter and effected by Fusarium sporotrichioides
[71]. It is known a number of pathological states stipulated by the chronic intoxi-
cation: toxicosis, disease of red mould, hemorrhagic disease, alimentary toxic
aleukia and others [29].

3.6 Traditional Methods of the Determination
of Mycotoxins

The identification of mycotoxins in different objects of environment is not simple
procedure but in spite of it the special system was developed today. The standard
analytical methods include a several procedures: sampling, extraction, purification,
identification, determination and, at last, verification of results. At first, after
beginnings of problem with mycotoxins the biotests were proposed and for this
purpose a wide set of biological objects were used: from cell cultures to the verte-
brate animals [30]. Biotest in which the mortality of chick-embrio was as the criteria
of toxicity may be considered as traditional. Biotests with the application of different
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strains of yeasts obtained a greatest development. The limit of the sensitivity to T2
varies for individual strains and it may be in frame from 20 to 50 ng [10]. Simplified
variants of such biotests gives possibility to control the contamination of corn by
trichothecenes with the analyze fulfillment over the time of 24 h [7]. Biotests were
used for the investigation of the dependence of toxicity on the peculiarities of
mycotoxin structure [45, 69]. In what follows the methods based on the technology
of the thin layer chromatography (TLCh) were elaborated. These methods provide
high specificity but they have much less sensitivity (about 0.2–5 µg/ml) and demand
preliminary concentration of the analyzed extract in 10–1000 times.

Implementation of idea about “bioautographic” approach combined advantages
of both methods based on the microbial analysis and TLCh allow control several
mycotoxins in the same sample simultaneously. Potential possibilities of biotests
are not yet realized and till today a new their variants with the improved charac-
teristics are appeared.

The application of gas liquid chromatography (GLCh) allows to increasing the
sensitivity of analysis. Unfortunately, the application of this method demands
multistage procedure of the sample preparation and its chemical modification [67].
The sensitivity of the T2-mycotoxin determination in serum blood by this method is
on the level 30 ng/ml with the reproducibility of results upon the average of
95.5 ± 8.6 % [108]. GLCh is used as one of reliable method for the verification of
results of analysis [99]. The same role may be fulfilled by the high-performance
liquid chromatography (FPLC) and high pressure liquid chromatography (HPLC).

After obtaining of the specific antibodies (Ab) to some types of mycotoxins there
is appeared possibility to use immune chemical approaches including the radio
immune (RIA), immune chemiluminescence (IChL) and fluorescence
(IFL) analyses, as well as the ELISA-method [13]. So, RIA is able to reveal
T2-mycotoxin in maize and wheat at 1.0 and 2.5 µg/kg, respectively [43]. In case of
others types of biological liquids the sensitivity of T2-mycotoxin analysis was from
2 to 5 ng/ml [26].

The development of the immune chemical methods was accomplished by two
ways: obtaining of the specific antibodies and development of special algorithms of
analysis [28]. In other case at the application of the monoclonal antibodies con-
jugated with horse radish peroxidase and at the realization of competitive variant of
analysis it was achieved the sensitivity no less as 10 ng/ml [66]. More complicate
homogenous competitive analysis with the use liposome contended some sub-
stances labeled by the fluorochrome allows to obtaining sensitivity of
T2-mycotoxin determination at the concentration of 2 ng/ml [44].

Today, for the characterization, identification and confirmation of the results of
the analysis the methods based on the mass spectroscopy, nuclear magnetic reso-
nance or in combination with the GLCh, HPLC gives possibility to analyze
mycotoxins at the picogram level [48, 102]. Unfortunately, in not all cases there is
possible to avoid such complicate procedure of the sample preparation as process of
the obtaining of derivates.
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3.7 Instrumental Analytical Approaches Based
on the Principles of Biosensorics at the Determination
of Some Mycotoxins

3.7.1 Optical Immune Biosensor [57, 58, 64, 83, 84, 86–90, 92]

For the determination of some mycotoxins in the model solution it was used the
immune biosensor based on the total internal reflection ellipsometry (TIRE).
A typical set of Δ(λ) experimental spectra are shown on Fig. 8.

It demonstrates the spectral shift caused by consecutive adsorption of layers of
polyamine hydrochloride, protein A (both as intermediate layers at the immobi-
lization of selective structures) and specific Ab as well as by binding different
concentrations of T2-mycotoxin to Ab (from 0.15 up to 300 ng/ml).

Ellipsometry data fitting allows the evaluation of thickness values of the
adsorbed layer. Since the refractivity increments caused by adsorption of different
biomolecues represent only 0.1–0.14 % of the refractive index, the spectral changes
were associated mainly with the thickness. The resulted calibration curve for T-2
mycotoxin showed a possibility of detection of T-2 mycotoxin in concentrations
down to 0.15 ng/ml (or 0.15 ppb).

The calibration curves (i.e. thickness changes vs. mycotoxin concentration)
obtained from the TIRE experiments for the other two mycotoxins: zearalanone and
aflatoxin are shown in Fig. 9. The response to aflatoxin appeared to be about 3
times less than that for zearalanone; and both are smaller than that for T-2 (compare
with Fig. 9). This could be due to the limited concentration (or activity) of anti-
bodies. Another explanation may be related to the hydrophobicity of the above
mycotoxins and thus their abilities to form aggregates in aqueous solutions [84–87].
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Fig. 8 Typical spectra of Δ for the bare Au surface (1), after consecutive adsorption of PAH (2),
Protein A (3), antibodies to T-2 (4), and after binding T-2 mycotoxin in different concentrations of
0.15 mg/ml (5), 1.5 mg/ml (6), 7.5 mg/ml (7), 75 mg/ml (8), 300 mg/ml (9)
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The results showed that mould grain products contain T-2 mycotoxin in dan-
gerously high concentrations of more than 100 ng/ml. Even stale grain products
may contain up to 15 ng/ml of T-2 which is higher than the allowed amount; while
fresh products do not contain any traces of T-2.

Similarly to T-2, the minimal detected concentrations for both zearalanone and
aflatoxin are about 0.1–0.4 ng/ml, respectively, which is quite remarkable achieve-
ment (no other optical direct immunoassays provide such high sensitivity) [59].

The TIRE based immune biosensor was used for the control of T2 mycotoxin in
real samples [84, 85]. The results of TIRE experiments (direct immunoassay)
carried out on the samples of grain products are presented in Table 1. The obtained
data points for fresh, stale, and mould grain product samples were added to the
calibration curve for T-2 mycotoxin. The calibration was obtained earlier by TIRE
direct immunoassay using commercial (from Sigma) monoclonal antibodies to T-2
mycotoxin [57, 58, 84].

The patulin and T-2 mycotoxin were determined in model solution by immune
biosensor based on the SPR [57, 58, 64, 84, 86, 87]. There were realized a number
of algorithms of analysis, namely: (1) “direct” way when the immobilized specific
antibodies interact with the analyte in solution, (2) “competitive” way when the

Fig. 9 TIRE calibration
curves for direct
immunosensors for
zearalanone and aflatoxin.
The thickness values for
aflatoxin were three fold
increased

Table 1 The evaluation of T-2 mycotoxin contents in the grain products

Sample δd (nm) Estimated concentration of T-2 mycotoxin (ng/ml)

Mouldy fodder 4.900 >600

Mouldy bread 4.391 >600

Mouldy maize 4.369 >600

Mouldy buckwheat 5.274 >600

Stale bread 0.031 <1.5

Stale muesli 0.298 <1.5

Stale buckwheat 1.199 7.5–15

Fresh muesli 0.000 None
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immobilized conjugate of analyte with some protein compete with free analyte for
the specific antibodies in solution. In last case it is possible to realize third variant
when the specific antibodies are immobilized on the transducer surface and the
appropriate conjugate and free analyte compete for the free binding centers. Next
variant of analysis is “to saturate” one when the immobilized specific antibodies
interact at first with the analyte and than with the appropriate conjugate. So, it was
shown that the “direct” analysis by SPR immune biosensor allows to us revealing
patulin at the concentration of 1 mg/L (Fig. 10). It is not practically significant level.
The “competitive” way (variant 3) was much more sensitive (up to 2 orders). It can
provide the determination of patulin at the concentration in the range from 0.01 to
10 mg/L (Fig. 11). The similar results were obtained at the realization of “to
saturate” way at the patulin determination.

To provide optimal regime of the immune biosensor analysis we have examined
a different approaches for the antibody immobilization of the transducer surface
[81]. There was necessary to achieve high density of the immobilized selective
structures and to expose maximally binding centers towards solution. For this
purpose we used direct immobilization of the antibodies on the gold surface or
through intermediate layers from dodecanthiol, or such polyelectrolyte as polya-
lylamine hydrochloride. I was shown that the formation of the above mentioned
intermediate layer increase the analysis sensitivity and the application of poly-
electrolyte and dodecanthiol demonstrates the advantages of first before second one.
Mainly it is connected with the stability of results between measurements.
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Fig. 10 Calibration curve for the patulin determination by SPR immune biosensor at “direct” way
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Fig. 11 Calibration curve for the patulin determination by SPR immune biosensor at
“competitive” analysis
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The same algorithms of analysis as in respect of patulin were fulfilled with T-2
mycotoxin [57, 58, 64, 84, 86, 87]. There is necessary to underline that it was
revealed the similar regularities including the sensitivity. The minimal quantity
which can be determined by the “direct” way of analysis is 100 ng/ml. At the
“competitive” and “to saturate” ways the sensitivity are on the level of 10 ng/ml
(Fig. 12. At the same time the similar results were obtained in case of the use of
mono- and polyclonal antibodies.

SPR based immune biosensor was developed for the determination of aflatoxin
too. It was examined in two algorithms of analysis; “competitive” way (variant 2)
and “to saturate” one [19]. In both cases the polyclonal antibodies were used. The
linear field of the biosensor responses were in the frame of 12–25000 ng/ml and 3–
98 ng/ml, respectively for the “competitive” and “to saturate” ways. The specificity
of the analysis depended on the specificity of antibodies. To fulfillment of the
repeated analysis the transducer surface was treated by the solution of 1 M etha-
nolamine with 20 % of acetonitrile (pH 12). Authors confirmed our results that the
total time of the above mentioned analysis is taken about 20–30 min. This time may
be shortened at the “direct” way of analysis (up to 10 min) but its sensitivity will be
50 ng/ml only.

To determine deoxynivalenol the “competitive” analysis was developed when
the mycotoxin conjugated with casein was immobilized on the SPR surface and the
specific monoclonal antibodies and free analyte were in solution [53]. The optimal
controlled concentrations were in the frame of 2.5–30 ng/ml. For the fulfillment of
the repeated analysis (up to 500 times) the transducer surface was treated by 6 M
guanidine hydrochloride.

The results of patulin determination in real samples (tomato juice) by “com-
petitive” way are presented in Fig. 13. It can see that we have possibility to reveal
patulin at the concentration starting from 0.05 mg/L. The linear diapason is in range
of 0.05–10 mg/L. We think that the difference which is observed between standard
solution and real sample is stipulated by some non-reversible sorption of patulin in
organic phase.

At the subsistence farming of the National university of Life and Environmental
Sciences of Ukraine the sample of maize and bran affected by fungi’s were chosen.
With the help of the ELISA-method it was stated that the concentration of T-2
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Fig. 12 Calibration curve for the T-2 mycotoxin determination by SPR immune biosensor at “to
saturate” way of analysis
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mycotoxin in these samples was in frame 220 and 180 ng/g, respectively. At the
same time in case of the use of the “competitive” analysis by the immune biosensor
it was revealed the T-2 mycotoxin concentration about 230 and 188 ng/g. There is
necessary to mention that the maximal permitted concentration of this mycotoxin in
food is 100 ng/g [39].

Now we start to develop the biosensors based on the nanostructured silicon
which attracts a special attention. Such type of the immune biosensors can registrate
the formation of the specific complex by the photoluminescence or light activated
electro conductivity [35, 36, 73, 91]. The overall scheme of such immune biosensor
with the registration of the photoconductivity is presented in Fig. 14. The similar
situation is in case of the photoluminescence registration. The detailed information
about obtaining of nano-structured porous silicon and some concrete devices for
both types of signal registration are presented in [93].

The changes of the biosensor signals at the both methods of the specific immune
complex formation are shown in Figs. 15 and 16. It can see that at the formation of
the specific immune on the nano-structured porous silicon the intensity of photo-
luminescence decreases and photocurrent increases in dependence on the concen-
tration of T-2 mycotoxin in solution to be analyzed. The main advantages of such
approaches for practice are their simplicity, possibility to fulfill “direct” analysis
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Fig. 13 Determination of patulin in tomato juice by SPR immune biosensor at “competitive”
analysis
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Fig. 14 Schematic scene of the photo resistor design on base of the nanostructured silicon for the
measurements formation of Ab-T-2 mycotoxin complex
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and not necessary to have a complicate electronic devices. Certainly, the sensitivity
of these immune biosensors should be increased and according to our opinion it
may be done through some biochemical aspects.

3.7.2 Other Types of Immune Biosensors for the Determination
of Mycotoxins

Two other types immune biosensors intended for the control of T-2 mycotoxin were
developed by us. One of them based on the application of the piezocrystalls [57, 58]
and second one—on the thermistors [85, 88, 89]. First immune biosensor shown a
very high sensitivity at the analysis mycotoxin in model solution by the “direct”

Fig. 15 PhL biosensor, where: 1—the source of the ultraviolet (UV) radiation with the
wavelength of 350 nm, 2 and 3—two s based on the mono crystalline silicon; 4—photo diode; 5—
photodiode intended for the determination of the incident UV
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Fig. 16 Left Dependence of photocurrent on the surface state: 1—bare; 2—with antibody and 3—
with the specific antibody and T-2mycotoxin. Right Dependence of immune sensor signal
(intensity of porouse silicon photoluminescence) on the concentration of T2-mycotoxin in the
solution to be analysed
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way (up to 0.15 ng/ml). Unfortunately the sensitivity of the immune biosensor
based on the thermistors had a low sensitivity (about 1 µg/ml). In this case we used
thermistors with the sensitivity 10−5 °C.

Flow injection immune analysis with the fluorescent detection is very interested
in the analyzed aspect. It allows revealing fumonisin B1 and B2 in maize at the
sensitivity about 1 mg/kg [61].

3.7.3 Peculiarities of Sample Preparation for the Immune Biosensor
Analysis

This aspect was considered in detail by us in the special article [82]. At the revealing
and the quantitative determination of mycotoxins there is necessary to provide
objectivity of analysis, its reproducibility and adequacy to the concrete situation. In
view of this European Commission has discussed in 1995 the possibility of stan-
dardization of all steps of analysis [20, 107]. The most appropriate procedure for the
sample preparation in case of the mycotoxin determination is extraction with
including of chloroform, methanol, acetonitrile and ethers or hexane for the defeating
of the obtained products. At the use of immune analysis the application of acetonitrile
dissolved in five or three times is more appropriate for the extraction of B1 and B2

fumonisines, deoxynivalenol and nivalenol in comparison with methanol [97]. We
have demonstrated [65] a high efficiency of acetonitrile at the extraction of patulin
and T-2mycotoxin from corn and potato juice. In last time a special approaches based
on the immune extraction and immune filtration were appeared [1, 38, 50].
Unfortunately it is additional procedures which are complicated and prevented to
have express analysis. To avoid this disadvantage the application of some imprinting
variants when polymer models specific sites is proposed [34]. There is necessary to
underline that the above mention approach is very perspective for the replacement of
biological selective material on the artificial chemical one. According to our data in
case of the multisensory analysis the application of the artificial sites allows
increasing specific signal against the background of nonspecific ones [85, 88, 89].

3.7.4 Conclusion

The described above data testify that mycotoxins are much dispersed and they are
very dangerous for all living organisms. The concentration of these toxic substances
should be controlled. For this purpose a number of traditional analytical approaches
are exist. Unfortunately they are laborious, time consumable, expensive and do not
allow fulfilling analysis in regimes on line and of line. All demands of practice may be
fulfilled by the development of the new generation of these approaches, in particular,
based on the principles of biosensorics. We have analyzed the efficiency of the
immune biosensors based on the TIRE, SPR, piezocrystals, thermisters and others.
Made a first steps in the field of the application of such devices confirm their per-
spective to achieve high sensitivity, selectivity, providing a chip and express analysis.
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4 Perspectives of the Development of the Biosensors
for the Express Control of Toxic Substances

At last time, we have realised possibility to create such prototype as lab-on a chip
with the application of nano-structured porous silicon (nSPS) as transducers. This
prototype is able to provide not only simultaneous analysis of several samples and
number of biochemical quantities. The manufacturing of such lab-on a chip
biosensor is fully compatible with silicon planar technology which is realized at the
production of semiconductor devices. In this case the registration of specific sensor
signal in form of a change of such parameters as photoluminescence or pho-
tocurrent of nSPS surface may be done with the help of simple and portable device.

The model of new type of lab-on a chip immune biosensor based on the nSPS is
presented on Fig. 17.

From other side we try to change biological selective and sensitive structures in
form of specific Ab on artificial sites on the basis of template programmed surface
[74, 94], calix [4] arenas [37] and aptamers (Fig. 18).
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Fig. 17 General view of lab on a chip prototype based on nSPS

Fig. 18 Structural view of calyx [4] arene (left) and surface modification for obtaining “template”,
as sensitive element for low weight substances (right)
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Sensors for Rapid Detection
of Environmental Toxicity in Blood
of Poisoned People

Małgorzata Jędrzejewska-Szczerska, Katarzyna Karpienko,
Maciej S. Wróbel and Valery V. Tuchin

Abstract Recently, the diagnosis and treatment of poisoned person can be done
only in specialized centers. Furthermore, currently used clinical methods of
intoxication diagnosis are not sufficient for early detection. Conventional laboratory
tests based on urine and blood require professional, high skilled staff, high cost
equipment as well as they are arduous and lasting analytical procedures. There is a
need to elaborate relatively cheap and easy to use tests, which can simplify and
shorten the process of diagnosis of intoxicated patients as well as simply monitoring
of patients from high-risk groups (firemen’s, miners, security, policemen, soldiers
etc.) having contact with toxic gases. This chapter focuses on novel, early detection
sensor for rapid diagnostics of environmental toxicity in blood of people intoxicated
with carbon monoxide. Sect. 1 presents, a brief overview of physiological relevance
of blood carbon monoxide levels on poisoning and overview of commercially
available methods of CO detection in human blood. In Sect. 2 the optical properties
of blood are presented. Section 3 shows optoelectronic systems, such as absorption
spectroscopy and low-coherence interferometry designed to detect optical proper-
ties of blood, such as refractive index, absorption. In Sect. 4, the sensor for
detection of environmental toxicity in blood is presented. The application of the
sensor can shorten the time of analyses of poisoned patients. It will be dedicated to
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support diagnostics of all patients in bad clinical state, where anamnesis is difficult
to obtain, intoxicated people or fire victims. We assume to use such method in the
Emergency Departments, small clinics and doctors’ offices. In the Sect. 5 the
hollow core microstructured waveguide biosensors for applications in biomedical
sensors are presented. This waveguide can be used for investigation of optical
parameters (scattering, refractivity and other) of many biological liquids. The last
section focuses on our conclusion about optoelectronic method which can be used
for rapid detection of environmental toxicity in blood of poisoned people.

Keywords Biosensors � Environmental toxicity � Blood � Carbon monoxide �
microstructured waveguide

1 Introduction

Carbon monoxide (CO) is a chemical compound naturally occurring in nature, and
its presence is essential for the proper functioning of ecosystems (e.g. photosyn-
thesis, which is the phenomenon of synthesis of organic compounds from inorganic
compounds, with the participation of light). However, the excess of carbon
monoxide leads to serious consequences for human health.

Carbon monoxide poisoning is the most common cause of accidental poisoning
deaths in developed countries. The formation of carbon monoxide is due to
incomplete combustion of hydrocarbon-containing products. Most of the carbon
monoxide occurs in the exhaust gases manufactured by, among others, motor
vehicles and industry. Particular high accumulation of this gas can be observed in
the tunnels, garages and other poorly ventilated areas. Moreover, large amounts of
carbon monoxide are released as a result of fires. Poisoning can also occur through
contact with the solvents (as a result of intoxication by vapors), and by inhalation of
tobacco smoke [1–3].

According to the decision of the U.S. Federal Register [4], for exposure of a
human adult to 8 h of lasting harmful conditions, the concentration of carbon
monoxide in the external environment should not be higher than 8 ppm, while for
1 h exposure should not exceed 25–50 ppm. Because of this, it is essential to ensure
the control and monitoring of carbon monoxide levels in the environment in order
to protect the public health. Environmental Protection Agency (EPA) specifically
underlines that, it is necessary to design sensors with sensitivity allowing mea-
surements of carbon monoxide concentrations lower than 1 ppm [4].

1.1 Physiological Relevance of Blood CO Levels/Poisoning

Carbon monoxide is a colorless, odorless and tasteless gas. These properties make it
particularly dangerous, because people exposed to poisoning are not able to
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recognize the looming danger. Symptoms of carbon monoxide poisoning are
nonspecific and can occur in different forms—from headache, confusion, loss of
consciousness to respiratory depression and cardiac disorders. A milder form of
intoxication is often confused with flu symptoms or, particularly in children (with
symptoms such as headaches, dizziness and vomiting), viral infection. Severe
carbon monoxide poisoning can cause extensive damage to internal organs or even
death. Moreover, carbon monoxide poisoning is often not recognized by the lack of
specific medical signature of this substance. All above reasons make carbon
monoxide often called “the silent killer” [5, 6].

The most common way of CO poisoning is inhalation. Then, when CO gets into
the bloodstream, it displaces oxygen from binding to hemoglobin to form car-
boxyhemoglobin (COHb). The affinity of hemoglobin to CO is considerably larger
(200–300 times) than oxygen and therefore this reaction proceeds rapidly until
equilibrium is reached between the concentration of CO in the ambient air and the
concentration of CO in the blood of victims of poisoning. When the hemoglobin
binds with carbon monoxide, it is no longer able to transport oxygen. As a con-
sequence, victim’s body undergoes hypoxia, which can lead to death [3, 7].

The concentration of carboxyhemoglobin in the blood of healthy, non-smoker
patient should not exceed 3, and 10 % in the smoker’s blood. First symptoms of
poisoning such as dizziness, nausea, vomiting or headaches, appear when the level
of carboxyhemoglobin exceeds the range of 10–20 %. As the concentration
increases to more than 20 %, disorders of the cardiovascular and nervous systems
begin: tachycardia, confusion, weakness, chest pain and shortness of breath. It
should be emphasized that heart and brain are most sensitive to the toxic effect of
carbon monoxide. Severe monoxide poisoning is characterized by the concentration
of carboxyhemoglobin in blood above 60 %. This condition may lead to irreversible
changes in the brain caused by hypoxia, and consequently to fatal outcome [8].
Regardless of the results of laboratory tests, assessment of the level of CO poi-
soning requires taking into consideration the duration of exposure to harmful
conditions. This is necessary because there is no explicit correlation between the
measured concentration of carboxyhemoglobin in the blood and the patient’s
clinical status.

1.2 Conventional Blood CO Monitoring Methods

At the present, an accurate diagnosis and treatment of poisoned people can be done
only in a specialized medical center. Conventional laboratory tests based on blood
or urine require professional, high skilled staff, high cost equipment as well as they
are arduous and lasting analytical procedures. The measurements take usually about
15 min and the results are available in 24 h. Such long time period is a serious
drawback, as a late diagnosis poses risks to patient health state.

Diagnosis of carboxyhemoglobin level is mainly based on an examination of the
patient’s blood in analytical laboratory. This requires collecting venous blood from
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the patient, certainly without air bubbles. It is also important to use an appropriate
anticoagulant. In this case, it is possible to use lithium heparin. Collected sample
must be delivered to toxicology laboratory in 20 min, when the sample is stored at
room temperature or in 2 h if the sample is placed in ice-water (about 5 °C). The
blood test is performed with a spectrophotometer using two wavelengths of
monochromatic light. The spectrophotometer measures the absorption spectra, and
discerns total concentrations of carboxyhemoglobin (HbCO), oxyhemoglobin
(HbO2), deoxyhemoglobin (Hb) and methemoglobin (metHb). Determination of
HbCO is performed by taking the absorbance ratio of HbCO maximum at the
wavelength 539 nm, to the Hb and HbCO isobestic point at 578 nm. Because spectra
of carboxyhemoglobin and oxyhemoglobin are very similar, in order to correctly
determine level of carbon monoxide in the blood, it is necessary to numerically
remove the measurement data related to oxyhemoglobin. Valid blood examination
requires collection of blood from patient in the morning, preferably on an empty
stomach. The test result is available for the patient on the next day, however the
laboratory procedure itself takes about 20 min. The biggest disadvantage of this
method is first and foremost the necessity of collecting blood samples and then
carrying them to a specialized laboratory. This means it is not possible to obtain
immediate information on the level of CO poisoning of the patient during medical
diagnosis. Moreover, blood test result does not indicate the current level of poi-
soning of the patient, but gives information about his condition from a few hours
earlier. Furthermore, this method is helpful in detection of CO poisoning only when
the ratio of HbCO to Hb is higher than usual 5 %, or about 9 % for heavy smokers.
This is a significant barrier to implementation of appropriate treatment.

State-of-the-art sensors for carbon monoxide poisoning measurement are based
on optical spectroscopy, which detects changes of the absorption spectra of
hemoglobin derivatives (Masimo rainbow® Pulse CO-Oximetry™, Masimo, USA).
Existing commercially available hand-held devices for CO measurement (piCO+™
Smokerlyzer™, coVita LLC, USA) are based on breath CO analysis measuring its
concentration by electrochemistry. While breath detection method is useful in some
simple cases, where CO exposure is certain (firemen during an action), it lacks in
versatility for other usages (patient monitoring). Moreover, the toxic CO levels in
blood are the clinical standard to confirm CO poisoning, while breath concentra-
tions may vary substantially.

Devices allowing immediate, noninvasive measurement of carboxyhemoglobin
are not generally available due to their high cost and the need to be operated by
qualified personnel. It should be emphasized that the most popular non-invasive
method to measure blood oxygenation, which is pulse oximetry, is not applicable in
the diagnosis of CO poisoning because this method does not distinguish between
carboxyhemoglobin and oxyhemoglobin.

On the other hand, optoelectronic and optical fiber sensors are powerful, low cost
and precise devices for monitoring in liquid environment. Equipped with sensitive
layers, resistive to aggressive environment, they can be used for detection of low
quantities of analytes. Combining multimode optical fibers and nanotechnology for
the development of sensitive elements are actual and innovative topics. The main
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expected approach is to build up optical fiber sensor with high surface-to-volume
aspect ratio sensitive layer.

2 Materials/Methods

Blood is a bodily fluid which is supplied to all the cells of the body by means of the
circulatory system. The role of the blood in the body is to transport oxygen and carbon
dioxide, the supply of nutrients and disposal of end products of metabolism. In
addition, the blood provides thermal regulation of the organism and self-healing
mechanisms for preventing blood leakage from injured blood vessels. Blood is a
heterogeneous solution, which consists of formed elements (cells) suspended in
plasma, all of which have different characteristics and fulfill different functions in the
organism. There are three types of the cellular components: red blood cells (RBC),
white blood cells (WBC), and platelets (PLT), which in total account for about 35–
50 % of the volume of whole blood, while the remainder is plasma [9–12].

Red blood cells (erythrocytes) are the most frequently occurring blood cells.
There are approx. 5 × 106 μl 1 red blood cells (RBCs) in normal human blood. They
have a round shape of a biconcave disk, with an average diameter of 7.2–7.8 μm,
thickness 1.4–2.1 μm, and an area of 130 μm2 and a volume of 90 μm3. Their index
of refraction is 1.4 in the wavelength range 600–1100 nm [9]. They are very flexible
and elastic, which allows them to squeeze through narrow blood vessels and pro-
tects against mechanical damage. Their task is to deliver oxygen from the lungs to
all cells of the body and discharge carbon dioxide from them back to the lungs,
where the gas exchange occurs. The ability to transport oxygen is enabled by the
hemoglobin contained in them. Erythrocytes have no nucleus or mitochondria, they
cannot divide, and cannot recover from damage. Thus they are formed by the body
itself, which takes place in the bone marrow. Their average life is approx. 120 days
[10–12].

White blood cells (leukocytes) area part of the body’s immune system. Their
key role is to protect the body against viruses, bacteria and other foreign bodies and
remove dead erythrocytes. There are several types, which differ in structure and
purpose: neutrophils, eosinophils, basophils, monocytes, macrophages and lym-
phocytes. They contain nuclei and have the ability to move. They neutralize the
threat by phagocytosis (devouring) of pathogens. Their number is roughly 4 × 103–
10 × 103 μl−1 [10]. They are formed like spheres with diameter of 8–22 μm [9].

Platelets (thrombocytes) are devoid of the cell nucleus are broken away portions
of specific bone marrow cells of irregular shape. Platelets in the blood stream are
biconvex, disk-like particles with diameter ranging between 2–4 μm. There are
approx. (2–4) × 105 μl−1 cells in human blood [9–12]. They are used to maintain
hemostasis, or the prevention of blood leakage in the event of vascular injury. They
contain clotting factors, which are released during platelet aggregation. Within

Sensors for Rapid Detection of Environmental Toxicity in Blood … 417



seconds after the injury, platelets adhere to collagen fibrils to form a platelet plug
which is sustained by the fibrin fibers, which prevents further the bleeding [10].

Blood plasma—is an extracellular scaffolding, which is mainly used to transport
morphotic elements, nutrients and metabolic products. Plasma water constitutes
approx. 90 % of plasma, where the rest is composed of proteins, lipids and other
components in smaller quantities, including glucose, albumin, globulin, cholesterol,
triglycerides, lipoproteins, hormones, minerals, electrolytes [10–12].

Hematocrit (Hct) is one of the basic parameters of the blood. It is defined as the
ratio of the volume of RBCs to the total blood volume [9–12]:

Hct %½ � ¼ VRBC=VBlood; ð1Þ

where VRBC is the volume of red blood cells, and VBlood is the total volume of blood.
This parameter is extremely important, because it provides the information on the
amount of RBCs in the blood sample, which dominates all optical properties of
blood samples. Elevated levels of Hct may be the result of overproduction of RBCs,
which is a sign of the circulatory system diseases. This can cause blockages, which
increases the risk of stroke and myocardial infarction [9–11].

The mean corpuscular volume of red blood cells (MCV) is defined as the ratio
of the hematocrit to the total amount of RBCs, the Red Blood Cell Count (RBCC):

MCV½fl� ¼ Hct %½ �=RBCC 106=ll
� � ð2Þ

MCV determines the size of blood cells. The smaller sizes of blood cells can be
caused by iron deficiency, while larger sizes are the evidence of deficiency of
vitamin B12 or folic acid.

The mean corpuscular hemoglobin (MCH)—the average weight of hemo-
globin in a RBC is defined as the ratio of total hemoglobin in a sample to the
amount of RBC’s:

MCH½pg� ¼ Hb½g=l�=RBCC½106=ll�: ð3Þ

The average weight of hemoglobin carried by the cell is determined by this
parameter. Various disease states, and particularly of anemia caused by iron defi-
ciency, reduce MCH.

The mean corpuscular hemoglobin concentration (MCHC) is an average
concentration of hemoglobin in RBCs and is defined as the ratio of hemoglobin to
hematocrit:

MCHC½g=l� ¼ Hb½g=l�=HCT ½106=ll�: ð4Þ

The Hb saturation of RBCs increases in the states of overhydration, due to
penetration of water into the cells. In contrast, dehydration is reflected in artificially
low MCHC. The drop in MCHC is also typical for microcytic anemias.
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The main parameters relating to white blood cells is that their total volume
(WBC White Blood Cell Count), and given percentage content of the various types
of leukocytes: neutrophils (NEUT%), lymphocytes (Lymph%), monocytes (MONO
%), eosinophil (EO%) and basophils (BASO%).

Parameters related to blood platelets are formulated in the same way as the
parameters describing the RBCs. There are number of platelets (PLT) trombocrit
(PCT), which is measured in a manner analogous to the hematocrit, mean platelet
volume (MPV) and platelet distribution width (PDW). These parameters are
determined in the same manner as for the measurement of RBCs [9–12].

2.1 Optical Properties of Blood

Optical properties of blood can be consider in the micro- and macroscopic way. As
a microscopic object, blood can be treated as a medium having scattering centers. It
is a heterogeneous medium consisting of plasma and blood cells. Blood plasma
contains almost 90 % of water and 10 % of protein. Blood cells consist primarily of
erythrocytes (almost 99 %), leukocytes (1 %) and platelets. RBC’s geometrical
dimensions are typically: 6.2–8.2 µm. The WBCs differ in size depending on their
group; as follows: neutrophils 10–14 µm, lymphocytes 8–12 µm, monocytes 12–
18 µm, eosinophils 10–14 µm, basophils 8–14 µm [9–12].

The microscopic approach of optical parameters of blood depends mainly on its
components’ optical properties: the scattering and absorbing capacity of optical
radiation, but also on their size and shape.

On the other hand, treating blood as a macroscopic object, its optical properties
become those of a homogeneous scattering medium. In this case, optical properties
of the investigated object can be described by: scattering coefficient, absorption
coefficient and refractive index. In this case, the complex refractive index can be
introduced as [13]:

n̂ ¼ n 1þ jjð Þ ð5Þ

where: n is the real part of complex refractive index: n ¼ c=v; κ is the attenuation
index (also described as attenuation coefficient, μt that is the sum of absorption (μa)
and scattering (μs) coefficients, μt = μa + μs).

lt ¼
4p
k
j ð6Þ

where: λ is the wavelength in the medium.
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Equations (5) and (6) are correct if the wave equation is shown as:

Ê ¼ E0 exp kz� xtð Þ ð7Þ

where k is the wave vector: k ¼ 2p
k ; ωt is the phase.

The complex refractive index described by Eq. (5) is an adequate parameter to
characterize blood as a homogeneous dispersion medium.

The most important optical parameters of blood which define the total extinction
(attenuation) coefficient of a blood sample, are the absorption and scattering
coefficients [14]. They are closely related to the standard clinical measures of OD
(optical density), or A (absorbance). The macroscopic optical properties of a blood
sample are dominated by its morphology, specifically the parameters related to
RBC’s, such as: mean corpuscular volume of a RBC (MCV), and a hematocrit
(Hct), the volume fraction of cells to the total volume of blood. It was experi-
mentally established, that the following equations for absorption and scattering
coefficient are generally a valid approximations [15]:

la ¼
Hct
MCV

ra ð8Þ

ls ¼
Hct
MCV

rs; for Hct ! 0 ð9Þ

ls ¼
Hctð1� HctÞ

MCV
rs; for Hct ! 1 ð10Þ

In the case of scattering, the first formula is most accurate for low values of Hct,
below the clinically important region of 0.3–0.5. On the other hand, the second
approximation works best for the unnaturally high values of Hct > 0.8. Thus, it is of
interest of many groups to establish that relationship more precisely, considering
other parameters as well. Therefore, the scattering and absorption properties of
blood vary heavily with the patient- specific blood morphologic differences. It
should be noted, that the binding state of hemoglobin changes only the spectral
characteristics of absorption, while the scattering remains independent from the
hemoglobin derivative.

2.2 Optical Blood Measurement Techniques

The basic law in absorption spectroscopy is the Beer-Lambert law, which describes
the absorption of radiation passing through the media with absorbing centers. This
law results from the combination of two previous laws: Lambert, which determines
the exponential decrease in radiation intensity with the thickness of material

420 M. Jędrzejewska-Szczerska et al.



through which the light passes, and Beer’s law which relates the absorbance to the
concentration of the substance. The beam gradually transmits part of the energy
during propagation through the material composed of absorbing molecules. The
decrease in the intensity of radiation through the sample volume contribution is
proportional to the intensity of the incident light and depends on the path length
through the sample and the concentration of particles, which can be written as
equation [16, 17]:

dI
dL

¼ �eC I0; ð11Þ

where I is the intensity of radiation after passing through the sample, I0 is the
intensity of incident radiation, L is the path length, C is the particle concentration
(molar or mass), ε is the extinction coefficient. Solving the previous equation gives
the Lambert equation [16, 17]:

I Lð Þ ¼ I0e�e L: ð12Þ

To determine the ratio of the I0 intensity of light incident on the sample to I the
intensity of light that has passed through the sample, we use the equation deter-
mining the transmission T, where in practice instead of the natural logarithm a
decimal logarithm is used. More commonly, the absorbance values are used in
practice, so the transformed equation for absorbance A, is needed [15, 16]:

T ¼ I
I0
� 10�A ! A ¼ log10

I0
I
: ð13Þ

Thus, the known Lambert–Beer equation assumes the form for absorbance:

A ¼ eCL; ð14Þ

Due to the linear dependence of absorbance on the sample thickness, it is typ-
ically used instead of the transmission. Beer-Lambert law is satisfied for low
concentrations of substances, while at high concentrations deviates from linearity
due to the effects associated with multiple light scattering in the sample. Especially
important parameter of this equation is molar extinction coefficient ε, because it
determines the degree of loss of radiation through the mechanisms of absorption
and scattering, and can be described as follows [15]:

e � lt ¼ la þ ls ð15Þ

where ε is the extinction or attenuation coefficient [mm−1], μa is the absorption
coefficient [mm−1], μs is the scattering coefficient [mm−1].
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An important law is the additivity of absorbances, which allows the summation
of the effects of the absorption of many substances contained in the solution. This
can be described by the equation [16, 17]:

AN ¼ L � e1C1 þ e2C2 þ � � � þ eNCNð Þ ð16Þ

or as a sum:

AN ¼ L �
X

N

i¼1

eiCi ð17Þ

where AN is the resulting absorbance of N substances in a solution, εi is the
extinction coefficient of ith substance, Ci is the concentration of ith substance, L is
the probing path length, and N is the total number of substances in solution.

For blood carboxyhemoglobin determination through optical spectroscopy, a
CCD-based spectrometer measurement system was developed. First consideration
for the spectrometer is the wavelength range in which the spectra should be col-
lected. In the UV region up to over 400 nm, strong absorption bands of various
plasma proteins are present, as well as the Soret band of other hemoglobin
derivatives. Therefore it was concluded to avoid this range, so that the measured
spectra would not be dominated by the patient-specific differences. In the near
infra-red (NIR) region, a known isobestic point of oxy- and deoxygenated hemo-
globin is present at roughly 805 nm which serves as a good reference value for
spectra normalization [18, 19]. The changes in oxygenation state of blood between
patients should be then easier to remove, as the prohibited from direct measures of
COHb in a manner similar to pulse oximetry. The region of most significant dif-
ferences in the spectra of hemoglobin derivatives is the Q-band region spanning
from approx. 500 to 600 nm [18, 19].

The measurement system Fig. 1a comprises of the spectrometer (SP), a broadband
light source (LS), delivery and collection fibers and an optical probe (OP) and sample
holder with horizontal geometry working in the transmission mode. A commercial
miniature diffractive (DG) spectrometer (OceanOptics USB4000, USA) with CCD
detector working in VIS-NIR (400–900 nm) was used. It is important to note that the
absorption and scattering coefficients of blood are very high, especially in the Q-band
region [20, 21]. Use of cuvettes or capillaries with 100 μm or smaller light path is
recommended to avoid problems with low light levels. The data processing protocol
can be either a straightforward ratiometric approach, where absorbance at specific
peaks corresponding to each hemoglobin derivative on use, along with isobestic
points, or more elaborate multivariate methods. The spectra of normal whole human
blood and blood exposed to a threshold value of 30 ppm CO in air are presented on
Fig. 1c. Due to the convoluted nature of hemoglobin derivatives spectra, it is advised
to use the multivariate calibration methods [21, 22], and utilize more information
from the spectra than only the peak wavelengths.
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One of the methods allowing measurements of blood parameters, such as complex
refractive index, is low-coherence interferometry. The light from the broadband
source is transmitted to the sensing interferometer by the coupler and an optical fiber.
At the sensing interferometer the amplitude of light is divided into two components
and an optical path difference (OPD), which depends on the instantaneous value of the
measurand, is introduced between them. The sensing interferometer is designed in
such a way that a defined relationship exists between the optical path difference and
the measurand. The signal from the sensing interferometer is transmitted back by the
fiber to the optical processor. The optical processor consists of a second optical
system, the output of which is a function of OPD generated at the sensing interfer-
ometer. The sensing interferometer is located inside the measurand field whilst the

Fig. 1 Measurements systems and spectra: a absorption spectrometer set-up; b low-coherence
interferometry set-up; c spectra of human blood samples with different Hct level measured by the
low-coherence interferometry set-up; d absorption spectra of normal and CO-exposed whole blood
samples
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optical processor is placed in a controlled environment. The optical processor is either
a second interferometer (when the phase processing of the measured signal is used) or
a spectrometer (when the spectral processing of themeasured signal is used) [23]. The
measurement systemwith the phase processing of the measured signal possesses very
highmeasurement sensitivity and resolution,much higher than that of the systemwith
spectral processing. However, the system with spectral processing of the measured
signal has two important advantages. It does not need movable mechanical elements
for precise adjustment as well as it is immune to any change of the optical system
transmission. This is possible because in such a system the information about the
measurand is encoded in the spectra of themeasurement signal. Optical intensity at the
output of such an interferometer can be expressed as [24]:

Iout ¼ E1E
�
2

� �

; ð18Þ

where E = E1 + E2, E1 and E2 are the amplitudes of the electric vector of the light
wave reflected from the first and the second reflective surfaces inside the sensing
interferometer respectively, brackets 〈〉 denote time averages; asterisk * denotes the
complex conjugation.

When the spectral signal processing is used, the recorded signal can be expressed
as [25]:

Iout mð Þ ¼ S mð Þ 1þV0 cos D/ðvÞð Þ½ � ð19Þ

where S(ν) is the spectral distribution of the light source; V0 is the visibility of the
measured signal, Δϕ(ν) is the phase difference between interfering beams.

The phase difference between interfering beams can be calculated from a fol-
lowing equation [26]:

/ mð Þ ¼ 2p m d
c

ð20Þ

where: δ is the optical path difference, c is the velocity of the light in vacuum.
If the light source exhibits a Gaussian spectrum, the normalized spectra pattern is

predicted to be a cosine function modified by the Gaussian visibility profile. In the
spectral domain signal processing the modulation frequency of the measurement
signal gives information about the measurand. It can be noted that for Δϕ = 0 there
is no spectral modulation. If the phase difference between the interfering beams
varies from zero, the function takes the form of the cosine curve.

Low-coherence measurement system with spectral signal processing is not
sensitive for any change of a transmission of the optical system. This is possible
because in the system information about the measurand is encoded in the spectra of
the measured signal. Therefore such a setup is the most convenient for the
low-coherence blood samples measurements.
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Low-coherence interferometer measurement set-up has been assembled from
commercially available components Fig. 1b. Super luminescent diode Superlum
Broadlighter S1300-G-I-20 with following optical parameters: λ0 = 1290 nm,
Δλ = 50 nm, was used as a broadband light source. Signal was propagated through
standard telecommunication fiber SMF-28. Optical Spectrum Analyzer Ando
AQ6319 (wavelength resolution of 1 nm, wavelength accuracy of ±50 pm) was
used as an optical processor. Measurements were carried out in a highly controlled
conditions (especially temperature in laboratory room). In order to achieve satis-
factory measurement precision for blood parameters monitoring, a large number of
in vitro experiments with whole human blood were carried out. Blood samples with
various parameters were collected from heathy volunteers via Gdansk Blood Donor
Centre. Therefore, measurement range has been limited to blood parameters of
healthy persons. Examination of numerous samples using low-coherence interfer-
ometer measurement set-up, allowed to determine relationship between registered
signals and optical parameters. With the use of the described measurement system,
the complex refractive index of numerous samples have been measured [27].
Changes in the real part of complex refractive index of measured sample have
changed the modulation frequency of measured spectra, whilst the imaginary part
influences the value of visibility of measured signal, as shown on Fig. 1c.

3 Blood CO Sensor Design

The main purpose of the new sensor is to shorten the process of diagnosis and
continuous monitoring of intoxicated patients. Developed sensors will be dedicated
to support diagnostics of critically ill patients in the emergency room at the hospital,
small clinics and doctors’ offices as well as fire engines and ambulances on the
scene of the accidents. That will enable early and appropriate diagnosis, adequate
treatment recommendations and specific antidotes selection.

The lab-on-a-chip will be realized in polymer, by employing state-of-the-art
technologies such as soft lithography using the elastomer polydimethylsiloxane
(PDMS), or by injection moulding of a thermoplastic material such as e.g. cyclic
olefin copolymer (COC) or cyclic olefin polymer (COP). The latter solution will
permit rapid production of a high number of chips. A solution where a thermo-
plastic and a soft polymer are combined will also be investigated, as well as
possibilities for direct integration onto a Low Temperature Co-fired Ceramic
package. Signal readout will be realized using commercial available data sampling
hardware and software and carefully adapted for sensors needs.

A possible realization of the microfluidic package is shown in Fig. 2. The
package will provide a housing for the silicon electrode chip (i.e. the Lab-on-a-chip
component itself) with microfluidic channels (*50 µm × 400 µm: channel
depth × width) for delivery and control of the sample liquid, thermal control, and
electrical access to the electrode system of the silicon chip, as well as adequate
optical access to the biosensing area.
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The microfluidic sample delivery channel will ensure laminar flow in the sensing
area of the silicon chip. Flow control will be achieved by an external syringe pump.

A particular challenge of the Lab-on-a-chip system is efficient integration of the
electrical connection from the sensor chip to the external read-out electronics.
Theoretical investigation of light interaction with blood in microfluidic channel of
the sensor by Monte Carlo simulations will provide optimal parameters for the
implementation of the optical fiber to the sensor. Nanotechnology will be used for
the deposition of sensitive layers on the optical fibers surface. Reliability of the
nano-sensor will be assessed by conducting a series of in vitro experiments on
whole human blood with CO toxic levels measured in a reference analytical lab-
oratory. Biostatistical analysis of measurement data will be used for validation of
the sensor performance. Clinical trials will be conducted with the use of
nano-sensor in development of approaches for diagnosis of “toxic effect of blood”
on the brain microcirculation, which will contribute to the emergence of new
knowledge about the resistance of cerebral vessels to hypoxia as a major factor, e.g.
complicating stroke, post-birth brain injury, head trauma, brain edema.

4 Hollow Core Microstructured Waveguide Biosensors

Hollow core microstructured waveguides (MSWs) are novel unique materials for
building highly sensitive sensors for a variety of biomedical applications including
point-of-care medicine [28–30]. In addition to high sensitivity, basic advantages of
MSW-based sensors are short response time and small size. The MSWs belong to
photonic crystal waveguide family. Their hollow core diameter is a few times larger
than the lattice period of the surrounding photonic crystal structures. The cross
section of typical hollow MSW used for sensing is shown in Fig. 3a. The structure
of the MSW, made from flint glass, consists of the hollow core of 150 μm in

Fig. 2 Schematics of the proposed Lab-on-a-chip blood CO sensor: a disposable microfuidic
chip; b a workstation housing optical and electronic parts of the system
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diameter and five functional concentric layers of capillaries and an external buffer
layer. Its outer diameter is around 1 mm.

The MSW possesses a few narrow and smooth transmission bands in the
visible/NIR wavelength range (Fig. 3b, right). The location and number of trans-
mission bands depend on the diameter of the MSW’s core [28–33]. The unique
features of MSW specify a high sensitivity to alterations of scattering, absorption,
and refractivity of solutions filling up the MSW’s core and channels in cladding.
Usually, a short piece of MSW (a few centimeters in length) serves as a smart
micro-cuvette filled up by a biological liquid sample tested in a portable fiber-optic
spectrometer for providing spectral transmittance measurements.

For example, the 6 cm MSW with a hollow core diameter of 150 μm was utilized
as a smart cuvette for blood typing [33]. Transmission spectra were measured using
a setup containing a broadband light source (halogen lamp), fiber-optical elements
for launching and collecting light, adjustable opto-mechanics providing a positional
resolution of 1.25 μm, a spectrometer, Ocean Optics HR4000, operating in the
visible/NIR range, and a PC (schematic diagram of the setup is present in Fig. 3b).
An MSW-cuvette serves as a basic replaceable element of a biosensor for blood
typing using a standard agglutinating serum technique. The protocol of the MSW
technique for blood typing is present in Fig. 3b. A blood type (or group) is one of
the most important characteristics of blood evaluated by the presence or absence of
agglutinogens (antigens) on the surface of RBCs and antibodies in the blood
plasma.

The new technique of blood typing based on hollow core MSW potentially
allows one to decrease the percentage of mistakes [33]. After mixing the serum with

Fig. 3 MSWmethod for blood testing [33]: a electronic micrograph of the cross-section of hollow
MSW (designed and manufactured by SPE “Nanostructured Glass Technology”, Saratov, Russia);
b protocol and equipment for blood testing using MSW smart cuvette and a portable spectrometer

Sensors for Rapid Detection of Environmental Toxicity in Blood … 427



a drop of blood, in the case of a positive agglutination reaction, the majority of
RBCs are clumped together. Thus, the number of RBCs suspended in the solution is
reduced, which results in the reduction of the scattering coefficient of the solution
and leads to transformation of its transmittance signature in the visible/NIR.
Therefore, from the spectral transmission measurements using an MSW smart
micro-cuvette, we can exactly distinguish positive and negative agglutination
reactions. MSWs are prospective for blood biosensing, including such an important
area of application as distinguishing the positive/negative agglutination reactions of
RBCs. This method requires only a 10 μl of blood for one analysis. It is fast and
simple enough to be used as a point-of-care modality.

5 Conclusion

In this chapter, we have presented a brief overview of physiological relevance of
blood carbon monoxide levels on poisoning, as well as the optical properties of
blood. Low-coherence interferometer and absorption spectroscopy set-up which we
designed and elaborated are described. Those systems enable to obtain the optical
parameters of blood such as complex refractive index and absorption spectrum.
This gives us opportunity to find relationship between optical and hematological
parameters of blood, such as complex refractive index and hematocrit level. We
show the concept of optoelectronic sensors for rapid detection of environmental
toxicity in blood of poisoned people. The application of the sensor can shorten the
time of diagnosis of poisoned patients. It will be dedicated to support diagnostics of
all patients in severe clinical state, such as fire victims. We plan to use such method
in the Emergency Departments, small clinics and doctors’ offices. The final section
focuses on the hollow core microstructured waveguide biosensors for applications
in biomedical sensors. Such waveguide can be used for investigation of optical
parameters (scattering, refractivity, etc.) of many biological liquids, such as blood.
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Emerging Biosensor for Pesticide
Detection

Ilaria Palchetti

Abstract Biosensors are considered interesting devices for pesticides monitoring.
The peculiar characteristics of biosensors allow them to complement current
screening and monitoring methods, especially when continuous, real-time, in situ
monitoring is required. However, biosensors still faces to stability and detection
sensitivity of the biomolecular recognition element. In the recent years, innovative
catalytic biosensors have been proposed to solve this aspect. In this chapter, some
of these innovative enzyme based biosensors will be reviewed.

Keywords Cholinesterase � Pesticides � Whole cells

1 Introduction: Role of Biosensors in Pesticide Detection

Monitoring of contaminants in the air, water and soil is an instrumental component
in understanding and managing risks to human health and ecosystems [1]. Among
other pollutants, pesticides are regarded as one of most dangerous environmental
contaminant class because of their ability to accumulate and their long-term effects
on living organisms. Pesticide is a term used in broad sense for organic toxic
compounds used to control weeds, insects, fungi, and other pests. Currently, over
800 active ingredients, which belong to more than 100 substance classes, are present
in a wide range of commercial pesticides [2]. Organochlorine, organophosphorus
(OP), and organonitrogen pesticides are the most important groups. Among them,
organochlorine pesticides are more toxic to many organisms and persist in the
environment for more than 30 years; therefore, they are beginning to be withdrawn

I. Palchetti (&)
Dipartimento di Chimica, Università degli Studi di Firenze, Via della Lastruccia 3,
50019 Sesto Fiorentino, FI, Italy
e-mail: ilaria.palchetti@unifi.it

© Springer International Publishing Switzerland 2016
D.P. Nikolelis and G.-P. Nikoleli (eds.), Biosensors for Security and Bioterrorism
Applications, Advanced Sciences and Technologies for Security Applications,
DOI 10.1007/978-3-319-28926-7_20

431



and replaced by compounds that are biodegraded quickly. In place of organochlorine
pesticides, OP pesticides have become the most popular pesticides because of their
shorter environmental half-life, wide range of applications, and price [2, 3]. OPs are
inhibitors of cholinesterase enzymes that are involved in the central nervous system
of humans and insects leading to neurotransmitter acetylcholine buildup which
interferes with muscular response, functioning of vital organs, and eventually death
[3, 4]. Thus are extremely toxic compounds that have found use also as chemical
warfare agents (nerve gases).

These issues call for fast and cost-effective analytical techniques to be used in
extensive monitoring programs. Given this requirement as well as the time and cost
involved in traditional chemical analysis of environmental samples (e.g. chro-
matographic methods and related hyphenated techniques), there is an expanding
need of rapid and innovative methods. Biosensors appear well suited to comple-
ment standard analytical methods for a number of environmental monitoring
applications [5, 6].

The main advantages offered by biosensor technology over conventional ana-
lytical techniques are fast and economical measurements, the possibility of
miniaturization, portability, the possibility of continuous monitoring and, in some
cases, the ability to measure pollutants in complex matrices with minimal sample
preparation. Although many of the systems developed cannot compete with con-
ventional 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. The peculiar characteristics of biosensors
allow these devices to complement current field screening and monitoring methods
such as ELISA kit, especially when continuous, real-time, in situ monitoring is
required [1]. Some excellent reviews summarized the recent progress in use of
biosensors for environmental applications [7–13].

Nowadays, biosensor technology largely benefit from the results obtained in
other fields of life and applied sciences, such as biotechnology, nanoengineering
and nanotechnology. Lab on a chip technology increased a lot the possibility of
obtaining easy-to-use and self-contained devices, minimizing the need for sample
processing and analysis at a laboratory. Micro- and nanotechnology development
continuously help in miniaturize the dimension of the devices.

Considering these facts, in this chapter we would like to give an overview of the
enzyme biosensor used for pesticide monitoring, focusing on the innovative
aspects. Biotechnologies help to increase the number of stable, sensitive and
selective sensing elements that can be used for obtaining reliable biosensors. Thus,
description of the attempts to increase stability and sensitivity of the bioreceptors
are here reported. Generally, biosensors for pesticide detection can be classified into
two major categories, enzyme-based biosensors and immunosensors, and in lesser
extent as aptasensors and MIP-based biosensors. This chapter is focused on
enzyme-based biosensors.
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2 Enzyme-Biosensor: Definition, General Features
and Classifications

In early 2000, two Divisions of the International Union of Pure and Applied
Chemistry (IUPAC), namely Physical Chemistry and Analytical Chemistry pre-
pared recommendations on the definition, classification and nomenclature related
to electrochemical biosensors; these recommendations have been then extended to
other types of biosensors [14]. Following these IUPAC recommendations, “a
biosensor is defined as 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 direct
spatial contact with an electrochemical transduction element. Because of their
ability to be repeatedly calibrated, a biosensor should be clearly distinguished from
a bioanalytical system, which requires additional processing steps, such as reagent
addition. A device that is both disposable after one measurement, i.e. single use,
and unable to monitor the analyte concentration continuously or after rapid and
reproducible regeneration, should be designated a single use biosensor” [14].

Nowadays, the concept of biologically derived sensing element (i.e. synthetic
chemical compounds that mimic the biological material in the development of
biosensors) is fully accepted in the scientific community [15].

Biosensors are classified according to the biological specificity-conferring
mechanism (Fig. 1) or, alternatively, to the mode of physico-chemical signal
transduction. Biosensors may be further classified according to the analytes or
reactions that they monitor: direct monitoring of analyte concentration or of reac-
tions producing or consuming such analytes; alternatively, an indirect monitoring of
inhibitor or activator of the biological recognition element (biochemical receptor)
may be achieved [1, 16].

Regarding the transduction principles, biosensors can be classified as optical,
electrochemical, mass, magnetic, calorimetric or micromechanical biosensors.
Optical detection by fluorescence spectroscopy is a popular method, due largely to
the ease with which biomolecule (especially nucleic acids) can be fluorescently
labeled, the availability of many different fluorophores and quenchers, and the
inherent capability for real-time multiplex detection [1]. Chemiluminescence is
another optical technique widely used. A different optical transduction, based on
evanescent wave device, can offer real time label-free optical detection. These
biosensors rely on monitoring changes in surface optical properties (shift in reso-
nance angle due to change in the interfacial refractive index) resulting from the
surface binding reaction. Electrochemical devices have also proven very useful, due
to inherent miniaturization and their compatibility with advanced microfabrication
technology. Electrochemical detection usually involves monitoring a current
response under controlled potential conditions. However other changes in electro-
chemical parameters such as capacitance, impedance and conductivity have been
used. Another useful label-free detection scheme relies on the use of quartz crystal
microbalance (QCM) transducers. QCM biosensors consist of an oscillating crystal
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with a bioreceptor immobilized on its surface. The increased mass, associated with
the biorecognition reaction, results in a decrease of the oscillating frequency.
Acoustic wave sensors used in thickness-shear mode with a liquid sample detect
changes in a number of physical properties including mass, viscosity and charge
density [1]. Micromechanical transduction are based on cantilevers and label-free
biosensor capable of detecting biomolecular interactions via the bending of
microfabricated cantilevers coated with bioreceptors were reported in literature [1].
Finally, in magneto-biosensor, magnetic label are used to detect magnetoresistance,
giant magnetoresistive effect (GMR), spin-value GMR, and other parameters [1].

All these different types of transducers can be combined with enzymes or
enzyme-based systems as the biochemical component, to form the largest and
best-known category of biosensors. Enzymes (and all biological elements based on
the enzymes contained in it, like tissues, cells, microrganisms) represent the class
of what is now called “catalytic elements”. L. C. Clark introduced the first example
of enzyme-based biosensor. Professor Clark, in a Conference at a Symposium in the
New York Academy of Sciences in 1962, described how “to make electrochemical
sensors (pH, polarographic, potentiometric, or conductometric) more intelligent,”
that is by adding “enzyme” [17]. This first example was illustrated by entrapping

Fig. 1 Schematic representation of a biosensor. Following the different (bio)receptors, biosensors
can be classified as catalytic (enzymes, tissues, etc.), affinity (antibodies, cell receptor, synthetic
receptors, nucleic acids in genosensors and aptasensors, etc.) or based on complex cellular
functions (whole cell, etc.). Biosensors can be also classified in accordance to the transducer (i.e.
optical or electrochemical etc.). Reprinted with permission from Ref. [1]
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the enzyme Glucose Oxidase (GOx) in a dialysis membrane over an oxygen sensor.
Then subsequently in 1967 Updike and Hicks use the same term “enzyme elec-
trode” to describe a similar device where again the enzyme GOx was immobilized
in a polyacrylamide gel onto a surface of an oxygen electrode for the rapid and
quantitative determination of glucose [18]. Another step forward in the technology
was performed by Guilbault and Montalvo in 1969, with the use of a glass electrode
coupled with urease to measure urea concentration by a potentiometric transducer
[19]. During the 1970s, thermal [20] enzyme-based biosensors were proposed. In
the same years, Lubbers and Opitz [21] demonstrated the concept to make an
optical biosensor for alcohol by immobilizing alcohol oxidase on the end of a fiber
optic oxygen sensor.

Nowadays, enzyme-based biosensors are among the most important commer-
cially available category of biosensors. Yellow Springs Instrument Company, USA,
launched the first glucose analyzer (known as Model 23A YSI analyzer) in 1975,
which is employed till date as a standard in clinical diagnosis [22]. However, it was
only during the 1980s that large-scale commercial success of enzyme biosensors for
glucose monitoring was first achieved [23].

The mode of operation of an enzyme-biosensor can be summarized in a five-step
process, including the transport of the substrate from the bulk of solution/matrix
toward the enzyme layer, the diffusion of the substrate through the layer to the
enzyme active site, the reaction at the enzyme active site, the diffusion of the
product towards the transducer, and finally the conversion of the concentration of
the product at this interface into an analytical signal by the transducer. The detailed
description of the reaction occurring at the active site can be found in any standard
biochemistry book, and here we will remind only the basic enzyme catalysis
mechanism based on Michaelis-Menten equation [24, 25] and the Km Michaelis
constant of the enzyme for the given substrate. Enzyme-based biosensors may be
classified according to the analytes or reactions that they monitor [24]; for example,
direct monitoring of analyte concentration or of reactions producing or consuming
such analytes, is the direct mode; alternatively, an indirect monitoring of inhibitor
or activator of the enzyme may be achieved. Biosensors based on the principle of
enzyme inhibition have by now been applied for a wide range of significant ana-
lytes including pesticides [26–31]. These toxic analytes inhibit normal enzyme
function. In general, the development of these biosensing systems relies on a
quantitative measurement of the enzyme activity before and after exposure to a
target analyte. Typically the percentage of inhibited enzyme (I%) that results after
exposure to the inhibitor is quantitatively related to the inhibitor (i.e., analyte)
concentration and the incubation time. Consequently, the residual enzyme activity
is inversely related to the inhibitor concentration. The inhibition can be either
reversible or result in an irreversible inactivation of the enzyme [25].

In the following paragraphs, some of the most common enzymes used in
the development of biosensors for pesticide detection are described, highlighting
the progress of biotechnologies in obtaining more stable and sensitive catalytic
biosensors.
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3 Emerging Biorecognition Elements for Pesticide
Detection

3.1 Esterase-Based Biosensors

Since the pioneering work of Guilbault et al. [32] on cholinesterase
(ChE) purification, inhibitor analysis, and assay development, biosensors based on
the principle of enzyme inhibition have become an active research area. Typical
examples of enzymes involved in environmental applications are acetyl-
cholinesterase (AChE) and butyrylcholinesterase (BChE) for organophosphate
(OP) and carbammate pesticide analysis. OP and carbamate pesticides selectively
inhibit ChEs by blocking the serine in the active site through nucleophilic attack to
produce a serine phosphoester (via phosphorylation). AChE enzymes are available
from different sources, such as Electric eel (Ee), Bovine or Human erythrocytes,
Horse serum and Human blood, insects (Drosophila). Generally, ChE enzymes
isolated from insects are more sensitive than those extracted from other sources.
ChE enzymes modified by the use of recombinant DNA technologies have also
been reported [9, 33, 34]. These genetically modified AChE can decrease orders of
magnitude the detection limit found for the use of AChE from wild type Drosophila
melanogaster and Electric Eel, as reported in [9, 34, 35]. Valdés-Ramírez et al.
reported on the use of a recombinant ChE for the highly sensitive detection of the
organophosphorus insecticide dichlorvos. The enzyme was immobilized by
entrapment in a photo-crosslinkable PVA-SbQ polymer on a screen-printed gra-
phite electrode. The enzyme activity was estimated amperometrically at +100 mV
versus Ag/AgCl by measuring the thiocholine produced by the enzymatic hydrol-
ysis of the acetylthiocholine substrate using cobalt phthalocyanine as electron
mediator. The pesticide was measured in the presence of 5 % acetonitrile without
loss of enzyme activity. The best sensitivity was achieved with the genetically
modified enzyme with a detection limit of 7 × 10−11 M as compared to 1 × 10−8 M
with the wild type and 6 × 10−7 M with the Ee-isolated enzyme. The genetically
modified enzyme biosensor was used to quantify dichlorvos in a sample of skin
apple after extraction with acetonitrile [35].

The increased performance of biomolecular and genetic techniques leads to the
development of new sources of enzyme production, also allowing better isolation
and characterization steps [36]. Recently, the possibility of using the esterase 2 from
Alicyclobacillus acidocaldarius (EST2), as the biological part of a colorimetric and
fluorescence biosensor for paraoxon detection, demonstrating its characteristics of
stability over time, reproducibility and sensitivity was reported [4, 37]. EST2 is a
carboxylesterase belonging to the hormone sensitive lipase (HSL) family that
includes several AChEs. This enzyme shows a very long time stability and an
appropriate resistance and activity at different pH values and temperatures, as well
as a good stability in the presence of low concentrations of organic solvents and
detergents. Furthermore, the EST2 3D structure has been solved at 2.6 Å, giving the
possibility of having a model structure for in silico studies such as molecular
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docking predictions. EST2 interacts with paraoxon in a similar way to the substrate
(Fig. 2), but the covalent intermediate of reaction is too stable to dissociate, so
irreversibly inhibiting the enzyme. EST2’s peculiarity in terms of stability, in
addition to its sensitivity and selectivity toward phosphoryl OPs, like paraoxon and
methyl paraoxon, makes this enzyme a candidate for use as a bio-receptor in
biosensors for qualitative and quantitative OP detection.

3.2 OPH-Based Biosensors

The class of biosensors based on OPs as substrates of organophosphorus hydrolase
(OPH), as opposed to inhibitors, is single step, simple, rapid, reversible and
selective for OP [38].

The basis of the mechanism of an OPH-based biosensor is that OPH is able to
hydrolyze a number of OP pesticides, such as paraoxon, parathion, coumaphos,
diazinon, chlorpyrifos, and methyl parathion, [39], leading to production of
organophosphorus acid and alcohol as a result of the cleavage of the P–O, P–F,
P–S, or P–CN bonds. In many cases, the alcohol produced is chromophoric and/or
electroactive. An amperometric biosensor for oganophosphorus (OP) pesticides
based on a carbon nanotube (CNT)-modified transducer and an organophosphorus
hydrolase (OPH) biocatalyst is described in [40]. A bilayer approach with the OPH
layer atop of the CNT film was used for preparing the CNT/OPH biosensor.
The CNT layer leads to a greatly improved anodic detection of the enzymatically
generated p-nitrophenol product, including higher sensitivity and stability. The
sensor performance was optimized with respect to the surface modification and
operating conditions. Under the optimal conditions the biosensor was used to
measure as low as 0.15 μM paraoxon and 0.8 μM methyl parathion with sensi-
tivities of 25 and 6 nA/μM, respectively.

However, the lower sensitivity of potentiometric and optical biosensors and poor
selectivity of amperometric biosensors over phenolic compounds limit their
applications in environmental monitoring. Moreover, these enzyme electrodes
required purified enzyme, which is a laborious, time-consuming, and costly effort.

Fig. 2 Schematic representation of the EST2-paraoxon reaction, reprint with permission from
Ref. [4]
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An emerging field of biorecognition elements are, so called, whole-cell systems.
Whole cells have been used since many times for environmental applications, and
in particular for BOD monitoring [41]. However, recently they have found enor-
mous benefits from the recent improvement in recombinant DNA technology and
their use have been renewed in monitoring environmental pollution and toxicity or
in other analytical fields [42, 43].

They are based on complex cellular functions, among which enzyme catalytic
reactions play an important role. These biosensors are constructed through the
fusion of promoters, responsive to the relevant environmental conditions, to easily
monitored reporter genes. Depending on the choice of reporter gene, expression can
be monitored by the production of color, light, fluorescence or electrochemical
reactions. Although there are numerous examples of genetic modification to these
whole cell types (bacteria, yeast, algae and tissue culture cells) genetically engi-
neered bacteria are most often reported in cell-based biosensors [38]. Over the past
decades, different types of bacterial cells have been incorporated into the trans-
ducers for making microbial biosensors for the detection of pesticides. Thus, using
microorganisms as biorecognition element provides an ideal alternative to purified
enzyme. As already mentioned, different kind of transducers have been coupled to
these bioreceptors. An amperometric microbial biosensor for the direct measure-
ment of OP is described in Fig. 3 [44]. The sensor is based on a carbon paste
electrode containing genetically engineered cells expressing organophosphorus
hydrolase (OPH) on the cell surface. OPH catalyzes the hydrolysis of
organophosphorus pesticides with p-nitrophenyl substituent such as paraoxon,
parathion and methyl parathion to p-nitrophenol. The later is detected anodically at
the carbon transducer with the oxidation current being proportional to the
nerve-agent concentration. The sensor sensitivity was optimized with respect to the
buffer pH and loading of cells immobilized using paraoxon as substrate. The best
sensitivity was obtained using a sensor constructed with 10 mg of wet cell weight
per 100 mg of carbon paste and operating in pH 8.5 buffer. Using these conditions,
the biosensor was used to measure as low as 0.2 μM paraoxon and 1 μM methyl

Fig. 3 Schematic of carbon
paste electrode-based
amperometric biosensor,
reprinted with permission
from Ref. [38]
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parathion with very good sensitivity, excellent selectivity and reproducibility. The
microbial biosensor had excellent storage stability, retaining 100 % of its original
activity when stored at 4 °C for up to 45 days.

A microbial biosensor consisting of a dissolved oxygen electrode modified with
the genetically engineered PNP-degrader Moraxella sp. displaying organophos-
phorus hydrolase (OPH) on the cell surface for sensitive, selective, rapid and direct
determination of p-nitrophenyl (PNP)-substituted organophosphates (OPs) is
reported in [39]. Surface-expressed OPH works in tandem with the PNP oxidation
machinery of the Moraxella sp. to degrade PNP-substituted OPs and PNP simul-
taneously while consuming oxygen, that is proportional to the analyte concentra-
tion. The optimum performance was obtained by electrodes constructed using
0.35 mg dry weight of cell and operating at pH 7.5. Operating at optimum con-
ditions the biosensor was able to measure as low as 0.1 μM (27.5 ppb) of paraoxon
and had excellent selectivity against triazines, carbamates and OPs without PNP
substitutent. The biosensor was stable for a week when stored at 4 °C. The
applicability of the biosensor to measure OPs in lake water was demonstrated [39].

A yeast strain that co-displays OPH and enhanced green fluorescent protein
(EGFP) on the cell surface using a Flo1p anchor system was used to detect OP in
Ref. [45]. OP degradation releases protons and causes a change in pH. This pH
change results in structural deformation of EGFP, which triggers quenching of its
fluorescence, thereby making this cell useful for visual detection of OPs.
Fluorescence microscopy confirmed the high-intensity fluorescence displayed by
EGFP on the cell surface. The yeast strain possessed sufficient OPH hydrolytic
activities for degrading OPs, as measured by incubation with 1 mM paraoxon for
24 h at 30 °C. In addition, with 20 mM paraoxon at 30 °C, fluorescence quenching
of EGFP on the single yeast cell was observed within 40 s in a microchamber
chip. Other examples are reported in Ref. [38].

3.3 Other Enzymes

Inhibition is the mechanism used also by tyrosinase based biosensor [46].
Tyrosinase oxidizes monophenols in two consecutive steps: first, the enzyme cat-
alyzes the o-hydroxylation of monophenol to o-diphenol, which, in a second step, is
oxidized to its corresponding o-quinone. Tyrosinase is inhibited by different
compounds, such as carbamate pesticides and atrazine. Numerous electrochemical
biosensors based on the inhibition of tyrosinase activity have been reported.
Tyrosinase biosensors suffer from poor specificity since many substrates and
inhibitors can interfere. The enzyme is inherently unstable, reducing the lifetime of
the tyrosinase-based biosensors. However, tyrosinase can stand high temperatures
and the organic solvents used to dissolve the pesticides [2, 3]. Even if genetic
techniques have been already applied to produce more stable tyrosinases for
industrial application, to the best of our knowledge these are not yet applied to
biosensor development. Alkaline Phosphatase (ALP), Acid Phosphatase and
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Peroxidase are other enzymes used in the development of biosensors for pesticides
monitoring, due to the inhibition effect of many pesticides on these enzymes.
However poor specificity is generally obtained. Other enzymes, instead, like
paraoxanase (PON), a serum high-density lipoprotein-associated esterase which
among other things provides some protection against OP poisoning and diisopropyl
fluorophosphate (DFPase) found in squid nervous tissues, organophosphorus acid
anhydrolase (OPAA), can use OP as substrate, and should be interesting enzyme to
be studied in biosensor develpment.

4 Conclusions

Sensor technologies hold exceptional promise for providing critical information for
continuous, real-time and in situ data collection. Simultaneous measurement of
multiple agents (multiplexing) within a single device, has been also demonstrated.
New sensing modalities have emerged from biotechnology, nanotechnology and
nanoengineering that could be adapted and developed for environmental
monitoring.

In addition to being self-contained, biosensors are capable of quantitative,
continuous data capture in the field, without the need for sample processing and
analysis at a laboratory. However, to be competitive with other existing tech-
nologies, these devices must be easy-to-use, portable, minimally inconvenient,
rugged, and inexpensive to deploy. In our opinion, all these things are within the
reach of existing manufacturing technologies and of immediate development. The
real challenge, nowadays, is the possibility to obtain stable and selective (bio)
sensing molecules. As reported in this chapter biotechnology can greatly help in
reaching this goal.
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Label-Free Optical Biosensors
for Monitoring Cellular Processes
and Cytotoxic Agents at Interfaces Using
Guided Modes and Advanced
Phase-Contrast Imaging Techniques

Inna Székács, Robert Horvath and András Székács

Abstract Novel optical biosensors in direct interaction with living cells open new
avenues in the detection of given cell types, including pathogenic microorganisms,
and in the measurement of cytotoxicity of given xenobiotics, such as biothreat
agents, on suitably selected cell types or lines. Evanescent optical field based
biosensors emerging for such applications are reviewed, covering surface plasmon
and waveguide based formats, imaging setup, employing optical waveguides, and
digital holographic microscopy. Commercial technologies, along with main
pathogenic microorganisms (Bacillus anthracis, Escherichia coli, Listeria mono-
cytogenes, Campylobacter jejuni, etc.) as analytes and cell lines (native tissue and
tumor cells) as cytotoxicity effect subjects are highlighted.
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1 Introduction

Xenobiotics have been of increasing concern in toxicology both from the aspects of
coincidental or accidental exposure and of deliberate biothreat. Our modern,
urbanized lifestyle, in spite of the very strict environmental and food safety regu-
lations, results in unintended or even unaware exposure to numerous foreign
chemicals or toxins. In addition, societal pressures present an additional human
health risk element as these tensions may occasionally trigger malevolent bioter-
rorist actions. The main biological agents of concern include viruses and bacteria or
other pathogens, as well as toxins or other toxic secondary metabolites produced by
these microorganisms [111]. In risk assessment of these foreign substances exerting
effect at cellular level, their identification and quantitative determination, verifica-
tion of their bioavailability and exposure to cells affected, determination of their
exposure effect duration, and characterization of their biological consequences at
cellular level are equally important. Chemical analysis and exposure determination
are of particular importance, because these two factors, hazard and exposure, define
the risk [23, 33, 36, 166] these substances may pose. As a result, bioanalysis is
progressing in developing methods of increasing sensitivity and visualization
potential to study cellular effects of xenobiotics [164].

The driving force behind the development of analytical techniques is the effort to
create analytical methods with ever increasing detection sensitivity i.e. capability to
detect given target analytes at minute amounts; and the desire to visualize bio-
logical, biochemical processes in real time at molecular level. Possible means of
increase in sensitivity is achieved through miniaturization both in terms of the
sampled volume that serves as the basis of detection; and in terms of the operating
size range of the material designs utilized. Evanescent optical field based sensorics
[2, 154, 156, 191] utilize both these approaches by being capable to monitor
biomolecular or cellular events localized at the solid-liquid interface using surface
bound optical waves, the so-called evanescent waves, on the one hand; and by
applying very small size, often nanoscale structures in signal generation and
detection, on the other hand.

The main advantage of evanescent waves is their strong localization at the
solid-liquid interface. Typically, molecular or cellular events taking place in the
100–200 nm thick surface layers (the penetration or probing depth of the evanescent
wave) are detected and changes happening further away from the interface are
excluded, they are not contributing to the sensor signal. When optical evanescent
waves are applied for monitoring, the sensor signal is usually affected by local
refractive index variations at the interface. Molecular binding, adsorption and
mass redistribution can cause local refractive index changes and therefore con-
tribute to the monitored signal.

A convenient way to generate the above mentioned evanescent waves is to excite
a surface bound optical mode at the solid-liquid interface by using thin film optical
waveguides or nanometer scale metal layers. Nanosized gratings or prisms can be
applied to generate these modes when the interface is illuminated by a laser beam.
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Typically, the incident angle or the wavelength of the illuminating beam is tuned
and when the resonant condition is hit the above mentioned surface bound optical
wave is excited. Refractive index variations within the evanescent fields are altering
the resonant condition and affecting the resonant angle or wavelength. As a result,
the application of evanescent optical waves can reveal molecular interactions at the
interface in real time with outstandingly high sensitivities; especially when the
detection principle relies on some kind of optical interferometry [120–122].

Biochemical processes may take place at the biosensor surface in vitro, but
living cells or tissues can also be brought into contact with the sensor surface. In
such cases in vivo processes can also be monitored, either by measuring surface
interactions of substances exudated by the cells, or by detecting attachment to the
sensor surface, shape modifications or other morphological changes of the cells
themselves. Through such interactions, biosensors can provide direct sensing of cell
viability and integrity, can differentiate between living and dead cells, and can
provide real time, label-free methods to study the effects of cytotoxic agents.
Similar cellular processes can be visualized in parallel or in separate detection
setups by specialized microscopy methods, and thus, provide visual or even
time-lapse recording verification of the given cellular processes. The significance of
such parallel sensoric and visual sensing of cellular processes cannot be overesti-
mated: possible areas of application range from cellular biochemistry and cell
morphology research to detection, characterization and quantification of cells in life
science research, medical diagnostics, and, last but not least, fight against
bioterrorism.

2 Evanescent Field Based Optical Biosensors

The optical (or other electromagnetic) evanescent field effect, enhancing sensitivity,
can be created by several means, including plasmon generation on metal (typically
gold) surfaces (as in surface plasmon resonance (SPR) sensors) or by electro-
magnetic wave incoupling into suitable fabricated thin film waveguides (Fig. 1).
The role of the waveguide is to allow and direct propagation of the incoupled
incident light, which enables not only to measure light characteristics directed to a
detector, but also to record its changes as a function of given surface processes
taking place on the sensor. Optical waveguides of various (mostly planar) designs
can be fabricated [37].

To assure target specificity, the sensor design may contain recognition elements,
which in the majority of cases are antibodies (purified, yet in native heterogeneous
polyclonal form or cloned by hybridization for a given binding characteristics,
monoclonal) [26], but may include other proteins of specific binding capacity (such
as plant lectins, e.g. concanavalin A, agglutinin or asialofetuin), or may utilize the
highly specific recombination capability of oligonucleotides in DNA based sensors.
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2.1 Surface Plasmon Resonances: Propagating
and Localized

Surface plasmons are usually generated when the incident light interacts with
delocalized electrons of a metal surface. When the surface momentum of the incident
light matches the surface momentum of the electron oscillations of the conductive
metal layer, the SPR condition is achieved. The plasmon created is the collective
oscillation of the free electrons (relative to the fixed positive ions of the metal
material). A surface plasmon, i.e. a plasmon refined at the surface of materials, is
confined to the surface and strongly interacts with light. Thus, in SPR the guiding
layer is the entire metal surface, where light can be coupled into these propagating
surface plasmons through a grating or using a prism. SPR detection is frequently
applied for label-free chemical and biological sensing, allowing real-time analysis
with high sensitivity [1, 93, 131].

Surface plasmons confined to a nanostructure are called localized surface plas-
mons. Instead of creating plasmons allowed to propagate over the entire metallic
sensor surface (as in SPR), nanostructured metal islands can be fabricated on
surfaces, which support their localized surface plasmons, which, similarly to SPR,
can interfere with the incident light, and generate local resonances, termed localized
SPR (LSPR) [62, 105, 177, 187]. The thus formed localized surface plasmons are
collective oscillations of electrons in metallic nanoparticles excited by incident
light. The enhancement of the electric field near the surface of the nanoparticles by
localized surface plasmons is highest at the nanoparticle surface and decays
exponentially towards the nanoparticle-dielectric background interface. The reso-
nance wavelength (at which the collective oscillation is excited), occurs at the

(a) (b)

Fig. 1 Schematic view of label-free evanescent field based optical biosensors for analysis of
cellular reactions to different stimuli. a Surface plasmon resonance (SPR) (left) utilizes light
excited surface plasmon to sense cells responses. Laser light enters onto the sensor surface through
a prism and is reflected from the Au surface. At resonance incidence angle a surface plasmon is
generated decreasing the intensity of the reflected light. b Optical waveguide lightmode
spectroscopy (OWLS) (right) applies optical grating and waveguide to generate an evanescent
wave for detection. Laser light enters the waveguide layer, at resonance incidence angle it
interferes with itself on the optical grating on the waveguide surface, and propagates within the
waveguide by total internal reflection. Resonance conditions to generate the evanescent field are
affected by surface processes, e.g. attachment of living cells, in both sensor formats
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visible wavelength region for typically applied metal nanoparticles. The rate of
electric field enhancement is limited by the size of the nanoparticles.

2.2 Optical Waveguide Based Biosensors

Optical waveguides are structures with high refractive index capable to guide the
propagation of electromagnetic waves by total internal reflection within the high
index volume. Planar waveguides are typically created by forming layers of high
refractive index materials between low index layers. At appropriate angles of
incidence (or wavelength), light is reflected by the low refractive index surfaces,
therefore, is entrapped in the waveguide. In the case of SPR the entire gold surface
of the sensor serves as a guiding layer, allowing planar translational movement of
plasmon excitation along the surface.

On the basis of recording changes in optical density, various sensor platforms can
be designed. Optical effects created may include reflectance, interference or
fluorescence spectroscopy, taking advantage of the evanescent field principle in case
of a stripe or film waveguides, as well as mode coupling at or off resonance, using
polarized or non-polarized light to observe phase shifts [16]. Optical parameters or
effects to be measured include phase changes, coupling effects between waveguide
structures, grating couplers, dual beam and mode beat interferometric signals.
Besides the above techniques, ellipsometry can also be applied, making use of light
of varying polarization states and exhibiting high sensitivity, or simpler techniques
like multiple reflection interference (white light interference) at thin films can be
mentioned. Most important measurement setups include various optical waveguides,
interferometer based sensors, reflectometric interference spectroscopy (RIfS), total
internal reflection fluorescence (TIRF), total internal reflection ellipsometry (TIRE),
ring resonator, etc. Signals obtained through the optical waveguide may be directly
measured, or can also be amplified by optical means, including interferometry using
planar waveguides or optical ring resonator based sensors [7, 35].

Optical waveguide signals are typically affected by an adlayer built up on the
waveguide layer, where it comes to contact with the analyte medium. Molecular
processes going on in this adlayer may modify various characteristics of light
propagating in the waveguide, including its intensity, phase, polarization state or its
incoupling resonance angle, thus, all these optical characteristics can serve as signal
transducing elements [16, 30, 35, 74]. A variety of optical methods have been
developed for biosensing by evanescent wave optical devices in real time, without
labels [94, 185], and gained importance in pharmaceutical and biomedical research
[27, 28, 39, 96, 130, 137, 179], as well as in environmental and food safety [7, 11].

Waveguide sensors are based on the phenomenon of incident light incoupling into
adielectric layer byusing adiffractiongrating (first described in 1902 [178], developed
further to support guidedwaves [70] andapplied for sensors [156,160]), andaremostly
constructed in “normal symmetry”; consisting a high refractivity index layer between
two low refractivity index layers (see above),where the bottom layer can be the surface
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of the glass (n* 1.5) substrate (chip). The waveguide film can be made of titanium
dioxide (n * 2), and the upper layer can be formed by the aqueous analyte medium
(n* 1.4) in direct contact with thewaveguide. In such normal symmetry setups red or
green laser entrapped in the waveguide may generate the evanescent field sensitive to
molecular changes in the aqueous medium at a depth of 100–200 nm with an expo-
nential decay towards the cover medium [35, 74]. Yet, waveguide generation is also
possible by employing a “reverse symmetry” configuration [37, 74–77], where the
setup is similarly a layered structure as in the case of the normal symmetry sensors, but
the waveguide support is made of a lower refractivity index material (e.g. nanoporous
silica, n = 1.193) than that of the covering medium. In such a setup the spatial distri-
bution of the evanescentfield is of reverse symmetry, allowing deeper (up toµmscale)
penetration into the covering medium, and therefore, sensing in a thicker adlayer than
in the case of normal symmetry waveguide sensors, which is particularly preferential
when sensing interactions inside living cells. Employingmultimode waveguides even
several different penetrations depths can be simultaneously applied formonitoring cell
refractive index variations at various depths [73].

The detection sensitivity of evanescent optical field based sensors can be
enhanced by the use of interferometry. For this purpose, the incident light (laser) is
usually split into two beams: the object beam and the reference beam. The object
beam passes through the study object (e.g. cells) as in single-beam techniques, but
upon interaction with it, it is not directly detected, but brought in interference with
the reference beam, unaffected by any interactions with the object. Changes in light
characteristics can be determined with improved sensitivity due to the interference,
or alternatively a hologram may be created by the split beams. The most common
utilization of the technique is seen by the use of Mach–Zehnder interferometry in
optical biosensors [37, 89].

3 Optical Biosensors for Detection of Cells and Cell
Refractive Index Changes

Biosensors can be applied for the detection of cells principally in two ways: (a) in
real matrices serving as habitat or medium for naturally propagating cells or
deliberately contaminated with cells and (b) in artificial matrices, where cells are
reared, e.g. cell cultures. The first type is typical for prokaryotic cells, while the
second can apply to both prokaryotic and eukaryotic cells. As related to the fight
against bioterrorism, the first type is typically used in the sensitive detection of
bioterrorism agents (e.g. Bacillus anthracis, Variola (smallpox), Clostridium
botulinum, Yersinia pestis, Francisella tularensis or other microbial warfare agents
developed from these and other pathogenic microorganisms and their toxins),
posing even national security risks; while the second is more used for the identi-
fication and characterization of cytotoxic activites on various cell lines.
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Applications utilize the principle of SPR [93, 164], LSPR [44, 72], as well as
integrated optical waveguide methods [37, 94, 112].

3.1 Detection of Bacterial Cells by Biosensors

From the aspect of biosafety assurance against biowarfare agents, bacterial cell
detection by biosensors has the highest significance [111]. Additional common types
of such sensors are mostly applied in environmental or food safety assurance and in
human or animal health related uses, but can also serve microbial research or toxicity
monitoring purposes. Selective discrimination of bacterial strain types and detection
of actual cell concentrations is of great importance in all areas of, clinical diagnostics,
food safety and environmental sciences, as well as biothreat identification [142, 185,
191]. In turn, planar and fiber-optic optical waveguides are commonly suggested for
the detection of various pathogens [109], and numerous commercialized technologies
e.g., EPIC® by Corning Inc. (Corning, NY, USA), BIND™ by SRUBiosystems Inc.
(Urbana-Champaign, IL, USA) and Zeptosens® (Bayer Technology Services GmbH,
Leverkusen, Germany) are applicable for these purposes.

Optical biosensors of the highest importance in biosecurity applications include
simple fiber optic laser intensity reduction sensor utilizing immobilized
pathogen-specific short peptide ligands [4], an evanescent wave fiber-optic
biosensor [161] and an SPR sensor [171, 53] for the detection of B. anthracis
spores. It has to be noted, however, that numerous other biosensors formats
(including electrochemical, piezoelectric, fluorescent, acoustic, PCR based, etc.) for
these pathogens have been also developed. Equally important to pathogen detection
is the quantitative determination of various protein type or small molecular weight
toxins by suitable sensors [143]. The most commonly used optosensoric detection
of prokaryotic organisms is perhaps that of E. coli strains, especially E. coli O157:
H7, the causative agent of severe food-borne poisoning by its secreted secondary
metabolite verotoxin that binds with high mortality consequences to receptors in
human kidney, brain and gut cells. E. coli cells have been reported to be selectively
determined by a two-way laser intensity reduction sensor measuring photosignal
drop due to antibody capturing E. coli relative to an untreated reference channel,
capable to detect as low as 45 cells per well surface [3]. Nonetheless, a range of
different types of immunosensors, including SPR biosensors were also developed,
utilizing target microorganism specific antibodies [85, 155, 173] and polyethylene
glycol terminated alkanethiol mixed self-assembled monolayer [149]. The same
sensors were also used for detection of Salmonella [173] and Staphylococcus [155]
strains. A fiber optic waveguide biosensor was developed for detection of patho-
genic E. coli O157:H7 from both aqueous media and beef meat [90], and waveg-
uide capillary and its integrating waveguide immunosensor was developed for its
detection as a water-borne pathogen [190]. A grating-coupled planar optical
waveguide sensor of „reverse symmetry” was also developed for sensing bacteria,
including E. coli K12 [75]. An electrochemical optical waveguide lightmode
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spectroscopy (EC-OWLS) sensor facilitating the adsorption of E. coli was also
applied to direct microbiological measurements, and was indicated to differentiate
between living and heat treated bacteria in the sample [153]. To assay detection
sensitivity of E. coli O157:H7-specific fiber optic and planar waveguide
immunosensor platforms, E. coli O157:H7 genetically modified to produce green
fluorescent protein was used and indicated cell capture efficiency between 0.4 and
1.2 % [140].

Specificity for E. coli has been achieved through oligonucleotide recombination
on the sensor surface as well, for which single stranded oligonucleotide probes were
immobilized allowing binding of the complementary DNA stretch with high
specificity. DNA biosensors were developed in the quartz crystal microbalance
(QCM) format without [104] or with [101] nanoparticle amplification. In the former
[104] the target specific oligonucleotide immobilized for subsequent recombination
was the lacZ gene from E. coli, and in situ polymerase chain reaction (PCR) was
used. Due to the amplification efficacy of PCR the method allowed outstanding
limits of detection below 10 fg of genomic E. coli DNA and as low as a few viable
E. coli cells per 100 ml of water. In the latter one [101] the single stranded DNA
stretch was the eaeA gene from E. coli O157:H7, and streptavidin conjugated Fe3O4

nanoparticles (average diameter = 145 nm) were used as “mass enhancers” to
amplify the frequency change. Such DNA based biosensors have gained increased
attention over traditional diagnostic methods due to their fast and responsive
operation and cost-effective design. Thus, a multi-analyte bacterial sensor using
multi-walled carbon nanotubes direct dispersion in DNA solution [159] allowed
detection of 32 pathogenic microorganisms, including E. coli O157:H7.

An integrated metal clad leaky waveguide biosensor was developed for the
detection of bacteria, including spores of Bacillus subtilis var. niger, with a sensor
platform fabricated to increase the overlap of the evanescent field extension from
the sensor surface (reverse symmetry) with the bacteria bound at the sensor surface,
allowing detection of 8 × 104 spores/ml [192]. OWLS biosensors were applied to
study lactic acid bacteria, part of the normal human microflora [6, 110] with lactic
acid bacteria cells immobilized on the sensor surface, and the in situ effects of
various chemical stress factors (hydrogen peroxide, acetic acid, lactic acid, fruc-
tooligosaccharides from Jerusalem artichoke) were recorded. A waveguide
immunosensor was developed [138] with an integrated microfluidic channel,
enabling label-free detection of live cells of Listeria monocytogenes, a common
food-borne microbial contaminant and causative agent of listerosis. SPR
immunosensors were developed for Campylobacter jejuni [174] and for S. typhi-
murium [92], common food-borne pathogens, in poultry meat samples with an
acceptable sensitivity (1 × 106 cfu/ml). A DNA based biosensor specific for C.
jejuni [54] utilized the hippuricase gene (hipO) from the target bacterium immo-
bilized on the sensor surface in both SPR and diffraction optics technology (DOT,
dotLab) formats. A five layer structured metal clad planar optical waveguide
immunosensor was described as a possible means for the detection of Pseudomonas
and Pseudomonas-like bacteria [141]. A rapid and sensitive DNA strip sensor was
constructed [188] based on gold nanoparticle-labeled oligonucleotide probes for the
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detection of Acidovorax avenae subsp. citrulli allowing both qualitative and
semi-quantitative detection of the target microorganism.

Facilitation of binding of various bacterial strain types with different specificity
to the sensing surfaces have been achieved by coating with proteins of selective
binding affinity, other than antibodies, e.g. lectins and silicatein. Sensor surfaces
treated with concanavalin A or agglutinin were found to create biomimetic surfaces
to enhance binding of e.g., Gram-negative (E. coli DH5a and Enterobacter cloacae)
or Gram-positive (Bacillus subtilis) bacteria and a yeast (Saccharomyces cere-
visiae), or even for a mammalian cell line (HeLa) [180], as well as for the
sulfate-reducing bacterium Desulfovibrio caledoiensis [170]. Silicatein modified
E. coli BL21AI cells were immobilized on an OWLS platform, allowing in situ
investigations of the cells to various chemical stress factors, including hydrogen
peroxide, antibiotics (penicillin G, chloramphenicol) and pesticide active ingredient
carbofuran [5].

A microfluidic fiber optic waveguide immunosensor (Raptor) was utilized for
practical application, analysis of Enterococci in recreational water to avoid public
exposure to pathogens of fecal origin and to monitor decontamination efficacy
of on-site ultrafiltration. Enterococci were detected at concentrations above
106 cfu/l [97].

3.2 Detection of Eukaryotic Cells by Label-Free Biosensors

Effects on eukaryotic cells are typically tested in biomedical and life sciences on
cultured cells isolated from biological tissues, and may serve as disease models.
The same types of cellular sensors for the determination of cytotoxicity are highly
applicable in detection of the effects of biowarfare agents or toxins of bioterrorist
uses. A large number of cellular functions and processes are disease indicators, and
such cellular interactions and molecular event within a single cell are readily
recordable by microfabricated electrochemical cell based biosensors [172] and by
optical biosensors [73, 168]. Cell phenotyping is a particularly important tool in
clinical diagnostics [22, 45, 46, 164, 189]. In addition screening of receptor-ligand
binding by receptor based biosensors [32] can facilitate determination of functional
responses (e.g. cell proliferation). Cellular features detected are mostly major cell
characteristics (e.g. shape, volume or optical properties) and functions (e.g. adhe-
sion, flattening or globularization, proliferation), but may also include subcellular
descriptors (e.g. protein/metabolite production, substance uptake or even effects of
altered gene expression).

An early exploration of the utility of the OWLS method in cell biology studies
[127] revealed the cellular processes of utmost importance on the sensor surface.
When a cell suspension was seeded onto the surface, cells initially attached, sub-
sequently flattened in shape, and underwent reorganization leading to spreading
over the sensor surface. In other words, small and subsequently growing flat regions
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were formed at the initial points of contact, and only the shape of the cells modified,
their number remained constant. Consequently, the change in the signal measured
by the OWLS sensor over time resulted from the flattening and spreading of the
cells on the sensor surface. This observation has been the basis of numerous later
applications and data interpretation [59, 81, 106, 115, 126, 169]. In addition to cell
adhesion to surfaces, sensor models have been applied to description of cell barrier
functions and regulation, cell to cell communication via direct interactions or
chemical communication, cell proliferation and migration, tissue regeneration and
repair, inflammation and blood clotting, signaling via receptor activation by an
agonist, as well as viral infection [80, 40, 44, 46, 47], and have been applied to
receptor assays [41]. Evanescent field based optical biosensors, e.g. OWLS
[9, 10, 44, 116, 126], photonic crystal biosensors [136], grating coupling inter-
ferometry (GCI) [120, 121] and resonant waveguide grating EPIC® biosensors
[47] are particularly suitable to monitor surface adhesion processes as these tech-
niques detect molecular interactions on the sensor surface in a 100–200 nm thick
layer [156].

The utility of various label-free sensor technologies in pharmaceutical research
and in cytotoxicity testing, including SPR, guided mode resonance, resonant
waveguide grating sensors in evanescent wave sensing, as well as impedance based
sensors, resonant acoustic profiling and bio-layer interferometry has been reviewed
[25]. By combining technologies of polymer waveguides and patterned surfaces for
cell immobilization, the evanescent-field technique was proposed for immobiliza-
tion of living cells including neural cells [125], and label-free detection with pos-
sible involvement of biosensors have been targeted to cell signaling studies on
ligands acting at 7-transmembrane receptors [133]. Resonant waveguide grating
biosensors have been applied in biomedical analysis to probe cancer signaling [42,
43], and biosensor systems have been applied to receptor assays [41].

The use of SPR technique in cellular characterization is frequent. Using
immobilized antigens on the sensor surface, T cells were efficiently immunophe-
notyped with SPR based sensor techniques including imaging function [129].
A multi-gold-array SPR biosensor using antibody-immobilized gold sensing spots
of the sensor surface [38] was used to record SPR spectra of CD33 cells from the
bone marrow of leukemia patients, and showed the utility of the cell-specific
label-free analytical biosensor. A small size SPR sensor equipped with an optical
fiber was applied to detect activation of immobilized RBL-2H3 mast cells [181].
Fourier transform infrared SPR was applied in monitoring intercellular and
cell-substrate interactions in various epithelial cell lines including highly differen-
tiated canine kidney cells, rat intestinal epithelial cells, as well as cancerous and
poorly differentiated human epithelial cells (e.g. melanoma MEL 1106 and cervix
carcinoma HeLa cells) on gold-coated prism surface coupled with optical micro-
scopy and image processing [182–184]. As mentioned already, treatment of sensor
sensing surfaces with concanavalin A or agglutinin based self-assembled lectin
monolayers useful to facilitate binding of not only bacteria, but also a mammalian
cell line (HeLa) [180]. In addition, cell binding enhancement by two lectins
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(agglutinin and asialofetuin) alone or in parallel in a two-channel microfluidic
device was applied to SPR signal mapping [31, 60].

LSPR systems have proven their utility in clinical bioanalysis [50, 72, 165], and
have been applied to biochemical protein interactions [12], plasma-enhanced
enzyme-linked immunosorbent assay (ELISA) [19], and cell based assays [34].
Equipped with charge-coupled optical devices (CCDs), such as a CCD camera or
CCD based spectrophotometer, the method allows LSPR imaging (LSPRi) that
promises outstanding utility in cellular studies [128], and in visualization detection
of cancer cell lines [78]. Thus, LSPRi detected secreted cellular substances from
live cell lines, to map the fractional occupancy of surface-bound receptors at
individual nanostructures with nanomolar sensitivity and a temporal resolution of
225 ms [128]. LSPR systems formed with ordered arrays of Au nanoparticles was
applied to normal human epithelial and breast cancer cells. The method was able to
distinguish cell concentrations (8.6 × 103–1.19 × 106 cells/ml) and allowed com-
parisons of cell shapes between the flat and higher confluency human-derived
retinal pigment epithelial RPE-1 cells and breast cancer MCF-7 cells [99]. Another
application allowed detection of cytokine (tumor necrosis factor (TNF)-R) secretion
from human blood immune cells (THP-1 and CD45 cells) and determination of the
functional response of the cells and the immune status of patient. Analysis required
only minimal blood sample volume (3 μL) and a assay time [113]. Infrared
applications of SPR are also expanding, e.g. for measuring D-glucose uptake by
erythrocytes in suspension with SPR coupled with Fourier transform infrared
spectrometry, demonstrating that the sensitivity of the SPR technique can be
improved in the infrared range [55].

Yet, SPR is not the only technique applied in cell sensorics. A grating coupled
interferometry biosensor was developed using on poly-L-lysine coated sensor
surface to test whether microvesicles secreted by cultured human lymphoblast-like
T cells bind to extracellular matrix molecules e.g. type I collagen or fibronectin
[121]. OWLS was used to model cell-substrate interactions [9, 127, 193, 73] and to
measure the attachment process of NE4C neuroectodermal stem cell-like cells
[152]. A label-free photonic crystal based optical biosensor incorporated into the
bottoms of the wells of 96-well microplates to detect cell attachment to these
surfaces was utilized for assaying E6-1 human T cell leukemia cells and J45.1
Jurkat T cells. Immobilized antibodies specific to T cell antigens expressed on the
cell surfaces provided sensor capability to distinguish between closely related cell
lines [98]. Using CHO-K1 cells (cell lone isolated from Chinese hamster ovary)
attached to well surfaces in a EPIC® system, loss in bound cell material upon
cytoskeletal changes due to the effect of saponin, a known cytoskeleton modulator
has been described [48, 49]. Cellular responses of native human epidermal carci-
noma A431 cells to epinephrine, an agonist of β2-adrenergic receptors expressed by
these cells and adenylate cyclase activator forskolin were detected by a microfluidic
resonant waveguide grating biosensor [186]. A microfluidic structure planar
waveguide attenuated by metal particles fabricated for capturing cells from human
blood allowed semi-quantitative determination of 100 cells/μl of blood [51].
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An OWLS method, allowing allowed parallel phase-contrast microscopy visu-
alization was used to study adhesion, morphology and metabolic state of
anchorage-dependent baby hamster kidney (BHK) cells [81]. An impedance based
(CellKeyTM) and two optical biosensors BIND® and EPIC® were shown to be able
to detect G-protein-coupled receptor signaling through each of the three major
classes of G-proteins (Gi-coupled, Gq-coupled and Gs-coupled) in various Chinese
hamster ovary (CHO) cell lines expressing various G-protein types [124],
demonstrating the utility of these sensoric methods in pharmaceutical research.
A novel approach to biosensing of cellular processes is the use of light based
detection techniques applied in the body using optical probes excited by and
emitting light at ultraviolet and visible wavelengths allowing monitoring of phys-
iological processes in the body in real-time with a high resolution [71, 132]. In a
unique, in vivo biosensing application in real time, implantable waveguide sensors
on hydrogel patches are used to guide light as sensor signal from the sensor
properly positioned in the body of the test animal and to accommodate optogenetic
cells (e.g. genetically altered HeLa cells producing green fluorescent protein in
response of metal-induced cellular stress-related heat shock protein (HSP70) pro-
duction in the cells, <105 cells). The implanted biosensor design may serve as the
basis of a new generation of implantable systems for in-body optical sensing and
therapy [21, 150].

An early and unique imaging application of evanescent field effect based sen-
sorics is represented by scattering optical waveguide microscopy, allowing
microscopic characterization with lateral resolution below 1 μm. The method uti-
lizes the evanescent field of a guided optical wave in a thin film over the sensor
surface, and image contrast is generated by the scattering intensity of the thin film
sample within the evanescent field [158]. A fluorescence-enchanced waveguide
microscopy method, waveguide excitation fluorescence microscopy has been fur-
ther developed relying on the planar optical waveguide exciting fluorescence in the
near interface region. The technique has been demonstrated to be of target sensi-
tivity for fluorescence detection in the femtomolar range, good precision due to an
order of magnitude improvement in the signal to noise ratio compared to con-
ventional fluorescence microscopy, submicron optical resolution, high surface
specificity and therefore, high utility in the dynamic and quantitative in situ char-
acterization of heterologous phase biological surface processes in real time
including focal adhesion formation in cell-surface interactions, e.g. fibroblast focal
adhesion [59]. To enhance sensor performance and functionality, a Mach–Zehnder
interferometer setup and other interferometry elements were applied in sensing
devices, and were used for measuring the dry/wet mass of a single living cell [157].

Imaging applications include fluorescence in the range of optical signal detected
as well. Waveguide evanescent field fluorescence microscopy [64, 67] was utilized
to investigate plasma membranes of living osteoblast cells, imaging plasma
membranes of the cells with high axial resolution, and allowing time-lapse imaging
to investigate cell morphology, the effect of membrane disrupters (Triton X-100),
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resulting membrane solubilization was visualized, a three-stage solubilization
model was proposed for liposomes and supported lipid bilayers [66, 69], the
method was used on HEK293 cells [68] and to measure cell-substratum separation
distance [63, 65].

4 Holographic Microscopy for Label-Free
Visualization of Living Cells

In addition to evanescent field based optical waveguide microscopy [31, 38, 59, 60,
129, 158], cellular characteristics and processes can be visualized by laser inter-
ference, similar to the use in Mach-Zehnder interferometers, applied to optical
microscopy. Light based techniques for tissue or cell imaging are precise, rapid and
non-invasive methods of visualizing biological functions in living organisms [17],
yet light transmission in in vitro, ex vivo or in vivo systems is severely limited by
the absorption and scattering of light at ultraviolet, visible (including laser) and, to a
lesser extent, near-infrared wavelengths by biological molecules and structures [20]
and allow penetration of only a few centimeters or so into biological tissue [163].
As a consequence, traditional optical microscopy methods routinely used for fol-
lowing cells and cellular physiological processes remain to allow only limited
magnification (*1 mm) and achievable depth of focus (3–5 mm). The latter lim-
itation is even more problematic than the former, as conventional optical micro-
scopes can thus, allow visualization of a very thin layer of the sample observed.
A flow-through measuring chamber design [139] may facilitate sample throughput
capacity, yet still allowing limited volumes measured. Digital holographic micro-
scopy, a relatively novel, label-free, non-invasive, nondestructive and
non-phototoxic method, surpassed this problem by recording all available diffrac-
tion information in a hologram, from which any particular image in the observed
volume can be reconstructed subsequently by numeric simulation of wave propa-
gation [13, 18, 24, 52, 102] with high precision. Digital holograms can be obtained
using single or multiple light sources of different wavelengths, with or without an
objective (lens) and possibly enhanced by interferometry (Fig. 2).

In one set of application, taking advantage of the 100-fold increase in the
observed volume, digital holographic microscopy has been applied as a fluid
monitoring system [56, 58] for water quality measurement, extended with advanced
twin image elimination algorithms [117, 118] and triple wavelength illumination
[88]. The system has been applied to automatized recognition of various aquatic
microorganisms, including microalgae. Computerized evaluation of the captured
images by machine learning algorithms analyzes and classifies the various algae
types found in the water samples. Reconstructed objects in the observed volume
segmented arbitrarily can be stored electronically and further processed with an
adaptive model based classification algorithm allowing creation of a biological
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microorganisms database. Color hologram reconstructions obtained by the system
achieve at least 1 µm lateral resolution.

Digital holographic transmission microscopy was used in biological systems for
the integral refractive index determination of living pancreas tumor cells (PaTu
8988S and 8988T cells) in cell culture medium. In addition to cell shape and
thickness measurement, the method also demonstrated the strong cell cytoskeleton
disruptive action of the marine toxin Latrunculin B, determined in dynamic
assessment of cell morphological characteristics [87]. In another application, cell
viability and cell morphology parameters in response to cytotoxic chemical agents
HgCl2, chloroquine and gambogic acid of commonly used tumor cell lines,
CHO-K1 and HeLa cells were tested using digital holographic microscopy with a
DHM T-1001 system with a motorized plate holder [91].

Digital holographic microscopy is also feasible without the use of a laser.
Unique multi-view, multi-wavelength illumination based computational on-chip
imaging platforms allowed entirely new three-dimensional (3D) imaging of cells
[14, 114, 119, 134, 147], and on the basis of the technique, lens-free computational
microscopy is rapidly emerging into fields including high-throughput biosensing
[29], antibody-antigen, DNA-DNA and cellular interactions [103], medical diag-
nostics as well as microscopic cell analysis and cytometry [82, 135, 175] and
tomography [83]. 3D imaging of various cells including microorganisms (such as
E. coli) [107], plant pollen [15], sperm cells [145, 146, 148], white blood cells
[144], skin tissue cell [95], human breast cancer cells with an optical system
improved with synthetic aperture [100], even viruses [176], therefore, gained

Fig. 2 Schematic view of digital holographic microscopy setups. A lens-free design (left) uses a
light (not necessarily laser) source and an adjustable and a movable aperture. Light transmitting
through the study object is detected by a sensor array plane below. With multiple light sources (at
multiple wavelengths) 3D images are created by the sensor array. In a Mach-Zehnder
interferometer based setup (right) the illuminating laser beam is split into two identical (object
and reference) beams. The object beam transmitting through the study object (in this case living
cells adhered to the surface) is reunited and interferred with the reference beam creating a
hologram
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diagnostic and medical utility coupled to optoelectric tweezers [79] or even with
remote (cell phone based) sensing [108, 167]. Visual efficacy of imaging
micron-scale fluorescent objects was improved by the use of micro-reflectors for
fluorescent light (self-assembled polyethylene glycol droplets) that enhance exci-
tation efficiency. The method also utilizes the waveguide principle, as the poly-
ethylene glycol droplets partially redirect of the emitted fluorescent light, obtained
without the use of any fluorescent labeling, towards the detector due to internal
reflections at the liquid-air interface of the meniscus [57].

The resolution and contrast of digital holographic microscopy can be enhanced
by interferometric amplification, e.g. Mach-Zehnder interferometry, when the
illuminating light (e.g. HeNe laser at 635 nm wavelength) is split into an object
beam and a reference beam. The object beam upon illumination of the object is
re-joined and interfered with the reference beam creating a hologram. This inter-
ference pattern is recorded on a digital sensor. Focusing within the hologram is
possible to any point without any mechanical movement by iteratively created
images any time after the actual recording. This holographic visualization technique
can be applied to refractometry of various microscopic objects, including living
cells [61, 84, 86, 8], allowing both qualitative and quantitative measurements of
living cells over time, visualization of cell integrity, and observation of ongoing
cell-morphological changes including the processes of cell differentiation, cell
growth and cell death. Along with experimental setups, a commercial digital
holographic microscope, HoloMonitor M4 is also available, allowing cytometric
time-lapse microscopy created from image sequences of cultured cells recorded
over long time periods.

In another application example by a recent cytotoxicity study [151], holographic
transmission microscopy was successfully used to measure cell morphology
parameters as descriptors of cell viability. Thus, holographic microscopy using
HoloMonitor M4 (PHI AB, Lund, Sweden) was shown to be applicable to quan-
titatively determine the effect of various agrochemicals (herbicide active ingredient
glyphosate, its formulated herbicide preparation and its adjuvant surfactant
polyethoxylated tallowamine used in the formulated preparation studied) on a
neuroectodermal cell line. Quantitative visualization of average cell thickness and
area, calculated using software HoloStudio M4 (PHI AB, Lund, Sweden), indicated
effects on the cells in close correlation with those determined in colorimetric
cytotoxicity tests, indicating, besides the toxicological significance, the utility of the
digital holographic monitoring technique in toxicology (Fig. 3).

A similar study [162] on the effects of methylglyoxal and edaravone on brain
endothelial cells essential in the blood-brain barrier. Methylglyoxal, a strongly
oxidative and glycolative glycotoxin, exerted a cytotoxic action on the endothelial
cells causing these typically elongated and flat cells to form globular forms with
increased cell thickness. Treatment with a neuroprotective free radical scavenger
edaravone, active ingredient of the recently developed Japanese pharmaceutical
preparation Radicut, prevented such cytotoxicity of methylglyoxal, as seen in
unchanged cell morphology during the treatment period. An additional cell
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morphological parameter, surface area similarly indicated the protective combined
effect, while cell volumes remained unchanged.

A recent study evaluated the effects of polyphenolic bioactive components in
green tea on HeLa cancer cells using a heavily miniaturized and incubator proof
holographic microscopy [123]. HoloMonitor M4 was applied for in situ monitoring
of altered adhering of preosteoblast cells on nanostructured titanate surfaces.

5 Conclusions

Cell based analytical biosensors and cell imaging techniques gained dual signifi-
cance in respect of biothreat identification: through specific detection of certain
microorganisms or cell types with the use of sensors utilizing specificity or
recognition elements to detect given microorganisms on the one hand, and through
the use of given cell types or lines in these techniques to detect cytotoxicity on the
other hand. As microbial and chemical contamination can take place at numerous
vulnerable points, rapid diagnostic tests are required to control the risks by such
accidental or deliberate contamination, and label-free, evanescent optical field based
sensors are excellent tools for detection of pathogen transmission, biotoxin
occurrence and effect determination.

Optical biosensors for pathogen detection include laser intensity reduction
sensors, SPR and LSPR, planar and fiber-optic (capillary) optical waveguides,
OWLS, metal clad leaky waveguide biosensor, and their commercialized optical
waveguide sensor technologies e.g. EPIC®, BIND™, Zeptosens®, OWLS210
(Microvacuum Ltd., Budapest, Hungary), CreoptixTM WAVE (Creoptix AG,
Wädenswil, Switzerland); and application forms in immunosensor and bioaffinity
(e.g. lectins and silicatein) or PCR based applications. Effects on various cell types
and lines are typically tested with cell based optical sensors to determine

Fig. 3 Cells under toxic effect visualized with phase-contrast holographic microscopy. Time
dependence of cytotoxicity on neuroectodermal (NE4C) cells exposed to 0.1 % of formulated
herbicide preparation Roundup (containing active ingredient glyphosate and adjuvant polyethoy-
lated tallowamines). Cells of typically elongated form origically (left) form uneven globular shape
in 5 min (middle) and undergo rapid disintegration in 10 min (right)
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cytotoxicity of bioactive agents (e.g. biothreat agents) including SPR, resonant
waveguide grating biosensors, OWLS, grating coupling interferometry (GCI),
resonant waveguide grating (EPIC®) biosensors, photonic crystal biosensors and
bio-layer interferometry. Cell imaging techniques, applied alone or coupled with
optosensors, include scattering optical waveguide microscopy,
fluorescence-enchanced waveguide microscopy (waveguide excitation fluorescence
microscopy), as well as digital holographic microscopy applied in single- or
multi-wavelength illumination, even in lens-free formats, and enhanced by
Mach-Zender interferometry e.g. HoloMonitor M4.
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Electrochemical Biosensors for Food
Security: Mycotoxins Detection
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Abstract This chapter describes the state-of-the-art of electrochemical biosensors
employed for food security with a particular focus on mycotoxin detection.
Mycotoxins are naturally occurring toxic secondary metabolites produced by cer-
tain fungi contaminating food and feed, during crop growth or processing products.
These compounds are responsible for mycotoxicosis with symptoms of intoxication
causing substantial effects on animal and human health. Based on the adverse
associated effect, it has been very crucial to develop ultrasensitive detection devi-
ces, in order to ensure food safety and prevent risks in agro-food and environmental
sector. For these purposes, many biosensors based on different bio-recognition
elements and using different analyzing technique have been reported. This chapter
provides an overview of the recent advancement in the field of enzymatic sensor,
immunosensor and aptasensor for mycotoxins detection, with a special emphasizes
on the monitoring of aflatoxins and ochratoxin A.
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1 Introduction

Mycotoxins are naturally occurring toxic, small chemical compounds (MW * 700)
that are produced as secondary metabolites by certain fungi contaminating food and
feed, during crop growth or processing products. These compounds “once con-
sumed by animals and/or humans” may lead to mycotoxicosis with symptoms of
intoxication, causing substantial effects on animal and human health. The myco-
toxin occurrence in food can be result of a wide range of climatic factors such as
methods of crops harvesting and storage, and final distribution and processing.
According to the United Nations of Food and Agriculture Organization report, 25 %
of the word’s food is significantly contaminated with mycotoxins. These contam-
inations can be occurred directly or indirectly. Indirect contamination of food and
feed can take place when an ingredient have been previously contaminated with
toxin producing fungi, while the fungi may be killed or removed during processing,
the mycotoxin remains in the final product. Direct contaminations occur when the
product is infected with toxigenic fungus inducing toxin liberation at different stage
from the transformation process. Furthermore, a fungus may produce different
mycotoxins, and a mycotoxin may be produced by several different fungi. The
mycotoxigenic potential depends on some extrinsic controllable environmental
factors related to storage conditions such as humidity, temperature, moisture,
lightening. While other extrinsic factors such as fungal strain specificity, strain
variation and instability of toxigenic properties are more difficult to control.
Currently, more than 300 mycotoxins are known, and scientific interest is mainly on
those that have been proven to be carcinogenic and/or toxic. These toxins include
but not limited to ochratoxins (OT), aflatoxins (AF), tremorgenic toxins tri-
chothecenes, fumonisins (F), patulin (P), zearalenone (ZEN) and ergot alkaloids [1].
The economic impact of mycotoxins includes perturbation of human and animal
health, increased health care and veterinary costs, reduced livestock production,
disposal of contaminated foods and feeds, and investment in research and appli-
cations to reduce severity. For these reasons, worldwide toxin contamination of
foods and feeds presents a significant problem. In 1993, the WHO-International
Agency of Research on Cancer (WHO-IARC, 1993) evaluated the carcinogenic
potential of OT, AF, F, ZEN, and trichothecenes. Naturally occurring AF was
classified as a carcinogenic to human (Group 1) while OT and F were considered as
possible carcinogens (Group 2B) with trichothecenes and ZEN as non carcinogenic
for human (Group 3) [2]. The European Commission has set maximum levels for
these mycotoxins to protect human and animal health. To minimize the mycotoxins
presence in the food supply, and to design strategies that would prevent contami-
nated commodities from entering food and feed processing facilities, attention must
be focused on the methods of preventing mycotoxins formation at all levels of food
chain. To meet this purpose, testing of the commodities is required to accomplish
this process. This involves sample preparation and analysis using a quality testing
procedure, which requires complicated and complex instrumentation, and qualified
skilled person. In this chapter, we provide an overview of recent progress in the
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domain of mycotoxins, their occurrence and detection in food and feed. We have
centralized our discussion to the biosensor designs described for OTA and AF
detection, as these biosensors architects provide general platform, and are also
applied for the detection of other mycotoxins.

2 Mycotoxins

Mycotoxins are low molecular weight natural molecules produced as secondary
metabolite by filamentous fungi. They have been associated with different diseases,
and can affect agricultural crops during crops growth, harvest, storage and processing.
Their presence can cause auto-immune illness, allergenic properties, and some of
them are teratogenic, carcinogenic, mutagenic, etc. [3]. The mycotoxigenic potential
depends on species and strains of fungus, composition of matrix and environmental
factors such as temperature and moisture [4]. Fusarium, Aspergillus, and Penicillium
are the most abundant moulds that produce mycotoxins and contaminate human
foods and animal feeds [5]. Among more than 300 reported different mycotoxins,
only a small number is of particular interest [6]. Ochratoxins, aflatoxins, fumonisins,
zearalenone, trichothecenes, and tremorgenic toxins occur in food and feed at sig-
nificant levels, and therefore require special concern for monitoring (Table 1).

Table 1 Mycotoxins, fungal species, effect on animals and classification

Mycotoxins Examples of producing-fungi Effects on animals Classification (IARC)

Aflatoxins A. flavus A. parasiticus Teratogenic and carcinogenic
effects, hepatotoxic and
Hepathocarcinegenic

1,2B

Ochratoxin A A. ochraceus, P. viridicatum
P. verrucosum

Nervous and gangrenous
syndromes, Nephrotoxicity,
porcine nephropathy, immune
suppression

2B

Patulin Byssochlamys, Aspergillus
Penicillium

Neurotoxic, immunotoxic,
mutagenic, carcinogenic, and
genotoxic effects

3

Fumonisins F. verticilliodes, F.
prolifiratum

Pulmonary edema,
Hepatotoxicity, nephrotoxicity,
leukoencephalomalacia in
horses

3

Zearalenone F.graminearum Estrogenic effects, Atrophy of
ovaries and testicles, abortion

2B

Trichothecenes F.graminearum Immunologic effects,
hematological changes,
dermatitis, oral lesions, edema,
hemorrhages of intestinal tissues

3
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2.1 Aflatoxins

The aflatoxins (A-flavus-toxins) were isolated and characterized for the first time
after the death of more than 100,000 turkeys in England, due to the consumption of a
mold-contaminated Brazilian peanut meal [7]. They are difuranocoumarin deriva-
tives produced by a polypeptide pathway by many strains of Aspergillus flavus,
Aspargillus parasiticus [8], and Aspergillus nomius [9]. Moreover Aspergillums
pseudotamarii, Aspergillus ochraceoroseus, Aspergillus rambellii, Aspergillus
toxicarius, Emericella astellata, Emericella olivicola and Emericella venezuelensis
[10] are also responsible for such impacts under some special environmental con-
ditions that include high temperatures (13–40 °C) and high relative humidity (85 %).
Among the 20 different types of aflatoxins, the most extremely toxic, mutagenic and
carcinogenic type are aflatoxin B1 (AFB1), aflatoxin B2 (AFB2), aflatoxin G1
(AFG2) and aflatoxin G2 (AFG2) [11], in addition to aflatoxins M1 (AFM1) and M2
(AFM2). The later are hydroxylated metabolites of AFB1 and AFB2 [12] (Fig. 1).
These aflatoxins are heterocyclic compounds (Figs. 2, 3 and 4) and they are clas-
sified according to their different fluorescing properties. AFB1 and AFB2 fluoresce
in blue; AFG1 and AFG2 fluoresce yellow-green under ultraviolet light [13, 14]. The
toxicity varies from a toxin to another, i.e. AFB1 is the most potent natural car-
cinogen aflatoxin produced by toxigenic strains among all aflatoxins [15], whereas
AFM1 is hepatotoxic but not carcinogenic [16].

Fig. 1 Chemical structure of aflatoxin B (AFB1 and AFB2)

Fig. 2 Chemical structure of aflatoxin G (AFG1 and AFG2)
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2.1.1 Aflatoxins in Foods and Feeds

Aflatoxins contaminate several foodandanimal feeds, toensure foodsafety,maximum
aflatoxin levels (reported in Table 2) were set within the European Commission
Regulation No. 1881/2006. Maize is among the most commonly affected grains with
theAFcontamination.Kos et al. [17] studied the influenceofweather conditions on the
AFsproduction.They analyzedmaize samples under twodifferentweather conditions.
The extremelyhot anddryweather conditions followedbydrought in2012causedAFs
presence in137 (68.5%)of samples in the concentration range from1.01 to86.1mg/kg
with themean level of 36.3mg/kg. Itwas concludes that extremely hot anddryweather
contributes to mold “hot spots” growth on grain and mycotoxins production.
Dimitrieska-Stojkovic et al. [18] reported thatAFM1 is amain source of contamination
in rawmilkwith calculated carry-over rates ofAFB1 toAFM1 in the range from0.22 to
3.74 %. This study was based on the analysis of thousands of milk samples and
corresponsive feed samples frommaize and complementary feed for dairy cattle. In the
same context,Battacone et al. [19] administratedAFB1anddetectedAFM1after 3–6h,
with a total disappearance after 3.5 days [26]. Red pepper is among themost consumed
spices in the world, Aydin, Emin Erkan, Baokaya and Ciftcioglu [20] demonstrated
that the AFB1 levels in 18% of red pepper samples were higher than the legal limits of
European Commission in 2002 (>5 g/kg) with the highest level close to 40.9 µg/kg. In
Pakistan,Masood et al. [21] showed theAFs contamination of over 307 samples of dry
fruits and edible nuts (including dried plums, dates, dried apricot, raisins, almonds,
walnut with shell and without shell, peanuts with shell and without shell, dried figs,
watermelon seeds, melon seeds, pistachio with shell and without shell, pine nuts and
cashew nut) from Northern areas and Khyber Pakhtunkhwa, Pakistan. 75 (24 %)

Fig. 3 Chemical structure of aflatoxin M (AFM1 and AFM2)

Fig. 4 OTA chemical structure
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samples were found contaminated with AFB1, ranged from 8 to 10 mg/kg and 41
(13%) sampleswere found above the level of 10mg/kg for totalAFs. The highest level
of total AFs was 7.89 ± 0.99mg/kg, while the lowest level 2.45 ± 0.11mg/kg of AFB1
inwatermelon seeds without shell was demonstrated. Armorini et al. [22] investigated
the occurrence of aflatoxin B1 in conventional and organic samples. The mycotoxin
maybe present in quantities exceeding the permitted limits,while on the other hand the
analysis of a single aliquot may provide positive results when all the rest of the sample
arenot contaminatedwith themycotoxin. In conclusion, the selectionof the test sample
for laboratory analysis is a very crucial step to get a reliable result in ascertaining the
toxin contaminations.

Table 2 European union regulations for Aflatoxins in human food and feed MLs (μg/kg)

Food B1 B1,B2,G1,G2 M1

Groundnuts, Hazelnuts and Brazil nuts, to be subjected to sorting,
or other physical treatment, before human consumption or use as
an ingredient in foodstuffs

8.0 15.0 −

Almonds, pistachios and apricot kernels to be subjected to sorting,
or other physical treatment, before human consumption or use as
an ingredient in foodstuffs

12.0 10.0 −

Almonds, pistachios and apricot kernels, intended for direct human
consumption or use as an ingredient in foodstuff

8.0 10.0 −

Dried figs 6,0 10,0 −

Tree nuts, Maize and rice to be subjected to sorting, or other
physical treatment, before human consumption or use as an
ingredient in foodstuff

5.0 10.0 −

Following species of spices: Capsicum spp. (dried fruits, chilli
powder, cayenne and paprika)

Piper spp. (fruits, white and black pepper)

Myristica fragrans (nutmeg)

Zingiber officinale (ginger)

Curcuma longa (turmeric)

Mixtures of spices containing one or more of the abovementioned
spices

All cereals and all products derived from cereals, including
processed cereal products dried fruit, hazelnuts and Brazil nuts,
intended for direct human consumption or use as an ingredient in
foodstuffs

2.0 4.0 −

Milk and milk-based products

Feed (exception below) − − 0.05

Complementary feedstuffs for cattle, sheep, goats 50

Complementary feedstuffs for pig and poultry 50

Complete feedstuff for pig and poultry, groundnuts, palm kernel,
cottonseed maize and product derived from

30

20

Complete feed for lambs and calves 10

Complete dairy feed 5
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2.1.2 Effects on Human and Animals Health

The harmful effects of aflatoxins have been demonstrated in several studies; Oliveira
et al. [23] classified AFB1 as a natural carcinogen that acts by forming adducts with
guanine, and reacting with lungs RNA and proteins causing liver and lungs cancer.
Additionally, it can also induce RNA damage, lesions, and inactivation of the
ATR/Chk1 pathway of RNA damages repairing in the HCT-116 colonic cell line
human colon carcinoma [24]. According to a study by Hirst et al. [25] AFB1 is the
inciting agent in the development of malignant hepatomas in 5–28 % of cases, by
deleting mutations in the P53 tumor-suppressing gene and activation of dominant
oncogenes [26]. Besides, AFB1 is involved in promoting liver tumor growth when
co-infectingwith fumonisine [27], increasing the hepatic lipid levels and organweight
when co-infectingwithOTA [28]. Itmay also lead to 60 times increase the relative risk
for developing liver cancer forHBV (hepatitis B) patients when co-infectedwithHBV
[26]. Periaca et al. [29] reported many worldwide aflatoxicosis outbreaks including R
eye syndrome, liver, brain, kidney and blood issues. Immunologically, AFB1 is
involved in phagocytic activity suppression, T-lymphocyte function and number
reduction, thymic aplasia induction [26] as well as cell-mediated immune responses
suppression in many farm animals such as pigs and poultry [30]. Smith et al. [31]
showed that feeding boilers with a high level (3.5 mg/Kg) of a mixture of aflatoxins,
including 79%AFB1, 16%AFB2, 4%AFG1 and 1%AFG2, induced a bodyweight
loss andan increase in the liver andkidneyweights. Jendet al. [32] presented that ahigh
level of AF in poultry feed induces salmonellosis, coccidiosis, hepatitis and infectious
bursal diseases. Moreover, injection of AF alone or with OTA increases mortality or
impaired development in chicken embryos [33].

2.2 Ochratoxins

Ochratoxins are secondary metabolites produced by several Aspergillus and
Penicillium genera, chemically described as 3,4-dihydromethylisocoumarin deriva
[34]. Ochratoxin A is the most prevalent and relevant fungal toxin of this group,
while ochratoxins B and C are of lesser importance. Ochratoxin A (Fig. 1)
(C20H18ClNO6, 1 N-{[(3R)-5-chloro-8-hydroxy-3-methyl-1-oxo-3,4-dihydro-1H-
isochromen-7-yl]carbonyl}-L-phenylalanine) is a fluorescent compound with a
molecular weight of 403.82 g/mol [35]. Van der Meurve et al. isolated it from
Aspergillus ochraceus [36]. It’s a secondary metabolite produced by fungi from the
genera Aspergillus and a single Penicillium species: P. verrucosum [37]. The major
species producing OTA are Aspergillus ochraceus, Aspergillus species and
Aspergillus carbonarius [38]. Other fungi such as Aspergillus niger are producing
OTA in some commodities or geographic areas [39]. Its presence is related to health
effects such as nephrotoxic, genotoxic, neurotoxic, mutagenic, imunotoxic,
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embiotoxic and teratogenic effects and possible carcinogenicity [40, 41]. This
mycotoxin has also been involved in chronic karyomegalic interstitial
nephropathology, chronic interstitial nephropathy [42], end-stage renal failure,
nephrosis and urothelial cancer [43].

2.2.1 Ochratoxin A in Foods and Feeds

OTA contaminates foodstuffs such as cereals, dried fruits, cocoa beans, coffee
beans, peanuts, poultry eggs, milk and wine [44] and the maximum residue
levels (MRLs) fixed by European regulations for OTA in several foods and bev-
erage are reported in Table 3. Because of the diversity of products contaminated by
fungus and ochratoxins, it is difficult to describe the visible aspect of the fungus
producing ochratoxins, except for some species. For example, A. ochraceus is
visible in yellowish-tan, Penicillium in blue-green, and black for A. niger. For the
grain with no visible aspect of contamination, a musty odor is an indication of
ochratoxins presence [34]. The humidity, moisture and warm temperatures are the
most prosperous condition for fungus and mycotoxins occurrence, therefore a good
storage conditions must be applied and rigorous testing must be carried out.

To assess OTA occurrence in European special wine, Valero et al. [45] studied
121 representative special wines from Europe, mostly from zone with a hot and dry
climate during summer, and warm and wet during autumn. They concluded that
60 % of the total wine samples contained OTA with 27 % higher than 2 µg/L, with a
maximum level up to 15.62 µg/L. They also concluded that wines made from grapes
dried in cool and dry chambers contained higher OTA levels than those made from
grapes dried in hot and dry chambers. The uncontaminated samples represent wines
that generally made in colder region with climates suitable for noble rot rather than
summer rot, which shows that the prevalence of OTA in some wines is dependent on
the environmental and fermentation conditions. Scodamore [46] concluded that
drying the grain up to 15 % before storage, and maintaining water activity around 0.8
can preserve the grains from mold infection. In the same context, Jorsengen et al.
[47] studied the precipitation effect on grains contaminations level, and reported that
the harvest from the year characterized by normal to wet climate, generates higher
average contamination level than the year considered dry to very dry. They also
suggested that to prevent the OTA production during storage, the grain must be dry

Table 3 European union regulations for Ochratoxin A in food maximum levels (µg/Kg)

Food OTA

Soluble coffee, dried vine fruit (currants, raisins and sultanas) 10

Unprocessed cereals, roasted coffee beans and ground roasted coffee, excluding soluble
coffee

5

All products derived from unprocessed cereals intended for direct human consumption 3

Wine, fruit wine, all beverage from grape 2

Baby foods for infants and young children 0.5
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to reduce water activity. The type of agriculture practices used in crop production is
decisive, since samples from organic rice and cereal grain presented OTA level
much higher than samples provided from conventional farms. This difference is due
to the limited use of chemical products like fertilizers and fungicides in organic crop
[48]. Duarte et al. [49] reported OTA contamination in several cereals samples from
all over the world. In Tunisia, the occurrence of OTA in wheat, barley and sorghum
were respectively 38, 40 and 43. Cereals grains in UK represented less contami-
nation levels, with 16.25 % for wheat, 15.9 % for barley and no contamination for
oat. In addition to its presence in food and feed, OTA occur in house speck collected
from the heating ducts in a household, and dirt from a crawl space [50].

2.2.2 Effects on Human and Animals Health

Ochratoxin A is the most redundant and prevalent among ochratoxins. Up to now, it
has been presented with teratogenic, nephrotoxic, and carcinogenic effect, and to be
immunosuppressive in several experimental studies [51]. The National Toxicology
Program (NTP) in the Thirteenth Report on Carcinogens has narrated it as
“Reasonably anticipated to be human carcinogens” [52]. It has been shown as a
potential causative agent of the Balkan Endemic Nephropathology disease, [53]
especially due to the similarity of symptoms with the ochratoxin A-induced porcine
nephropathy [54]. OTA has been also correlated with testicular cancer in several
European countries, by inducing adducts in testicular DNA in animals. The con-
sumption of OTA contaminated foods during both pregnancy and childhood may
result in testicular DNA lesions transformed in puberty into testicular cancer [55].
In addition, Appelgren and Arora [56] conducted an auto-radiographic study on
mice and concluded that [14] C-labelled OTA crosses the placental barrier pref-
erentially on day 9 of pregnancy.

OTA metabolic disposition in human is not well known, except that OTA has a
long serum half-life in blood of 840 h (35 days), due to serum macromolecules
binding. It has been detected in human breast milk, urine, blood, and even in breast
cancer, gastric mucosa, renal cell carcinomas and skin biopsy samples [57]. Liver
elimination of OTA is retained by protein carriers that pick the toxin from the
bonded macromolecules into the bile, then uptaken by the tubule cells to be secreted
into urine [58]. In case of swine, OTA seems to have an additive effect on weight
gain [59]. Glavitis and Vanyi [60] in (1995) showed that OTA could cause unco-
ordinated movement, faintness, anorexia, an increase in the total body weight and
urination due to water retention. Stove and colleagues investigated kidneys of
effected pigs and observed that the kidneys were enlarged and pale, presenting
vascular lesions, damaged proximal tubules, renal fibrosis, denser, with hyalinisa-
tion and sclerosis of glomeruli and slightly undulating surface [61].
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2.3 Other Mycotoxins

In addition to OTs and AFs, there are several other potentially toxic mycotoxins
such as patulin, zearalenone, fumonisins … etc. These toxins have been found in
foods and/or feeds and present a high potential for causing severe diseases in human
and animals.

Patulin is an unsaturated heterocyclic lactone (Fig. 5) [62] produced by fungi
belonging to Penicillium, Aspergillus and Byssochlamys genera [63], contaminating
vegetables, fruits and particularly apple and apple products, which are more subject
to the accumulation of this toxin [64]. Numerous studies illustrated neurotoxic,
immunotoxic, mutagenic [65], carcinogenic [66], and genotoxic [67] effects of
patulin residues on human health. Due to its high toxicity, the European Union
(EU) fixed its maximum levels up to 50 µg/L in apple juice and cider, 25 µg/kg in
solid apple, and 10 µg/L in infants and young children products [68, 69].

Zearalenone is a non-steroidal, estrogenic mycotoxin produced by several
Fusarium species (F. semitectum F. culmorum, F. equiseti, F. graminearum, F.
cerealis, F. crookwellense and F. sporotrichioides,) [70] in temperate and warm
countries. Chemically defined as 6-(10- hydroxy-6-oxo-trans-1-undecenyl)-
b-resorcyclic acid lactone (C18H22O5, MW: 318.36, CAS 17924-92-4); [71]
(EFSA, 2004), this mycotoxin contaminates corn, wheat, barley, sorghum and rye
[3]. The infected grains demonstrated a pink color associated to a pink pigment
produced by the same strains [18]. Zearalenone shows oestrogen-like activity in
certain farms animals, essentially sheep, pigs and cattle [1]. Its alcoholic metabo-
lites (α-zearalenol and β- zearalenol) are also known to be oestrogenic [72].

Fig. 5 Chemical structure of patulin, zearalenone, fumonisines B1 and B2

478 N. Mejri Omrani et al.



Fumonisins are a group of non-fluorescent structurally related mycotoxins
including fumonisin B1 (FB1) and fumonisin B2 (FB2) [73] (Fig. 5). They are
mainly produced by some Fusarium species, such as Fusarium verticillioides and
fusarium proliferatum [74] that typically contaminates maize and maize-based
products worldwide in addition to sorghum and rice. FB1 and FB2 are the most
abundant and the most toxic among all. They are cancer promoting, and have been
associated to a wide range of diseases in animals, such as leukoencephalomalacia in
horses, pulmonary edema and hydrothorax in wines, and liver cancer in rats [75].
They are suspected to increase the risk of oesophagus cancer [76] and classified as
possibly carcinogens to humans as class 2B carcinogens, [77] according to the
International Agency for Research on Cancer (IARC) (Table 1).

3 Electrochemical Biosensors

Because of the wide spread occurrence of mycotoxins and the serious economic and
health threat associated with them, it has been very crucial to develop ultrasensitive
detection devices in order to ensure food safety and prevent risks in agro-food and
environmental sector. For these purposes, many biosensors based on different
bio-recognition elements and using different analyzing technique have been
reported.

Electrochemical biosensors present many advantages comparing to classic
analytical methods. They are simple, highly sensitive, allow trace level detection,
enable a very rapid analysis time, easy to use and could be integrated into minia-
turized systems [78, 79]. They are based on potentiometric, amperometric, con-
ductometric and impedimetric detection methodologies. In this chapter, we will
give an overview of recent advancements in the domain of electrochemical
biosensors and their applications in mycotoxins detection for food safety. We will
summarize them according to their recognition elements as enzymatic sensors,
immunosensors, aptasensors and peptide based sensors.

3.1 Enzymatic Biosensors

Enzymatic biosensors developed for mycotoxins detection are based on either
catalytic activity or enzyme inhibition. The first one is based on the detection of the
products of the reaction when the toxin acts as substrate. It relies on the detection of
the ochratoxin A based on enzymatic reaction with horseradish peroxidase
(HRP) enzyme. It was shown that enzymatic reaction of HRP with OTA produced
oxidized OTA that can be monitored through their electrochemical signal by
amperometric analysis. The enzymatic biosensor could be constructed following the
immobilization of enzyme directly onto the surface of screen-printed electrode or
through polypyrrole matrix [80]. This approach allows selective and sensitive
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determination of OTA within concentration range of 23 to 200 nM, and detection of
OTA in beer has been demonstrated [81] (Fig. 6).

The enzymatic inhibition produced by some mycotoxins has been exploited in
the fabrication of enzymatic biosensors. This is the case of aflatoxin B1 that inhibits
the catalytic activity of various acetylcolinesterases with a non-competitive inhi-
bition pattern [82]. The toxin has been demonstrated to inhibit reversibly the
enzyme by binding to the peripheral site located at the entrance of the active site
where the binding constant was estimated to be 0.3 µM [83]. Various biosensors of
aflatoxins have been developed, based on the inhibition of acetylcholinesterase
catalytic activity [84]. The choline esterase hydrolyses the substrate of enzyme
acetylcoline to choline and acetic acid (Fig. 7).

Potentiometric biosensor are based on the measuring the charge variation fol-
lowing catalytic reaction that results in a pH change. This has been achieved through
field effect transistor where aflatoxin has been detected in the concentration range of
0.2 to 40 µg/ml, and the method has been demonstrated with real samples [85].

Amperometric biosensors are based on measuring the activity of the electroac-
tive species produced after the catalytic reaction. As the reactant and products
involved in the enzymatic reaction of acetylcolineesterase are not electroactive, the
biosensor could be developed through bienzymatic reaction in which the first
enzymatic reaction is coupled to choline oxidase which oxidases the choline to
betaine with the formation of hydrogen peroxide that could be monitored by
amperometric measurement (Fig. 7). In order to reduce the applied potential and to
enhance the sensitivity of detection, redox mediators such as Prussian blue [86] or
cobalt-phthalocyanine are integrated in the sensor design [82] (Fig. 8).

The main problem of the enzymatic biosensors is the lack of selectivity, as other
toxins or molecules from the sample might also react or inhibit the enzyme activity.
This area of research is still under progress and promising proof of concept has been
demonstrated.

Acetylcholine    +      H2O
AChE

Choline + CH3COO- +   H+

AChO

Betaine H2O2+
e-

Fig. 7 The mechanism of bienzymatic biosensor for amperometric detection

Fig. 6 Mechanism of OTA detection through enzymatic reaction with HRP [81]
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3.2 Electrochemical Immunosensors

Various electrochemical detection methodologies such as potentiometry, amper-
ometry and conductometry have been integrated in the design of electrochemical
immunosensors for the detection of mycotoxins. Among all, amperometric
immunosensors are the most commonly used methods due to their good sensitivity,
cost effectiveness and the possibility of miniaturization [87]. Different electrodes
materials including platinum, gold and carbon in its various forms have been used as
transducer platform in the fabrication of electrochemical immunosensors. To over-
come the problems associated with conventional types of transducer platforms,
screen printed technology has attracted an increasing interest with the characteristics
of mass production, low cost fabrication and single drop analysis [88]. The com-
bination of electrochemical detection methodologies with the advances in sensor
technologies and the suitability for in situ applications make this approach one of the
most commonly used analysis system in the field of electrochemical immunosensors.

3.2.1 Electrochemical Immunosensors for Aflatoxins

In order to achieve high sensitivity and with a requirement to design single use
disposable methodologies, various formats of electrochemical immunosensors have
been designed and successfully applied for the detection of AFB1 and AFM1 in
food samples such as corn, barley and milk [89, 90]. Aflatoxins are low molecular
weight analytes, hence sandwich type formats are not ideal candidate to design
electrochemical immunosensing platforms. The assays based on the competition
formats are usually preferred in the fabrication of electrochemical immunosensors.
For example, indirect competitive electrochemical immunosensors based on the
disposable screen printed electrodes have been extensively reported in the literature.
The specificities of the designed assays are demonstrated by assessing the cross
reactivity of the specific integrated antibody against the other closely related non
specific aflatoxins. It has been reported that specific antibodies provide a vital way
to distinguish different types of aflatoxins [91]. In this context, an electrochemical
immunosensor was developed for the detection of AFB1 in barley sample which
was able to distinguish AFB1 from other toxins with low matrix effect and good

Acetylcholine    +      H2OAChE
Choline CH3COO- +   H+

AChO

Betaine
H2O2

O2OH-Med Ox

Mred

+

e-

Fig. 8 Schematic representation of the bienzymatic reaction for AFB1 determination measured
with redox mediator
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recovery values [92]. Similarly, electrochemical immunoplate with multichannel
read out systems have been designed for the detection of AFB1 in corn sample. The
multiple channel system was able to provided better analytical characteristics when
compared to the previously reported electrochemical immunosensors [89]. Direct
competitive formats can also be employed in the construction of electrochemical
immunsensors for aflatoxins detection. In the direct competitive assay, specific
antibody is immobilized on the electrochemical transducer platform, and the
competition is performed between the labeled and non labeled analytes to bind with
the immobilized bioreceptor. Such a design has been successfully applied for the
detection of AFM1 in milk sample [93]. Flow injection electrochemical
immunosensors have also been reported to monitor aflatoxins in food samples.
These automated systems are characterized with low cost instrumentation, fast
analysis time and improved reproducibility. The better reproducibility is associated
to the automation of the system, as this helps to minimize the possible human errors
linked to the batch and manual systems. Such an automated electrochemical sensing
system has been applied to the detection of AFM1 in milk samples. The obtained
results were comparable to those obtained with HPLC methods with the additional
advantages of automation, less analysis time and low cost system [94].

3.2.2 Electrochemical Immunosensors for Ochratoxin A

Due to the small size of OTA, competition bases format offers the potential for rapid
and quantitative analysis of OTA. Sandwich assays are considered to undergo the
problems of less sensitivity and irreproducibility in case of small size molecules [95].
The first electrochemical immunsensor reported for OTA analysis was based on
direct competitive format, and enzyme labels were used on the secondary antibody
with screen printed carbon electrode as transducer platform. Differential pulse
voltammetry based electrochemical immunosensors was applied to detect OTA in
wheat samples [96]. Since then, our group has developed many disposable screen
printed electrochemical immunosensors for the monitoring of OTA in wine [97] and
wheat samples [98]. Because of the complexities associated with the use of label
reagents, efforts are focused to design label free electrochemical sensing method-
ologies. In this context, electrochemical impedance spectroscopy has been emerged
as a powerful technique to develop label free immunosensors. OTA specific antibody
is immobilized on the electrode surface and changes in the electron transfer resistance
in response to target analyte concentrations are monitored to obtain a calibration
curve. Various formats of impedimetric immunosensors have been reported in the
literature for the detection of OTA [99], but most of them have not been demonstrated
with real sample analysis. Array based electrochemical immunosensors also offer an
attractive alternative for simultaneous detection of many analytes, and have been
applied for the detection of OTA along with other food toxins [100].
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3.3 Aptasensors

Since the first report of aptamers by the end of the 19th century and with the
emergence of the Systematic Evolution of Ligands by Exponential enrichment
(SELEX) process early 20th century, numerous studies have reported the use of
aptamers in biosensor field for food and environmental monitoring.

To detect AFM1 in milk, recently, Istambouli et al. [101], have developed an
impedimetric aptasensor based on the immobilization of a hexaethylenehlycol-modified
21-mer oligonucleotide on a carbon screen-printed electrode, after activation of the
sensing surface with diazonium salt. This approach permitted to detect AFM1 in buffer in
the range of 2–150 ng/L with a LOD = 1.15 ng/L, and in filtered milk from 20 to
1000 ng/Kg, in agreementwith themaximum levels ofAFM1permitted by the European
Union for adults (50 ng/Kg) and infants (25 ng/Kg) milk and dairy products.

In the same context, Nguyen and co-workers [102] fabricated an electrochemical
Fe3O4/polyaniline-based aptasensor capable of detecting AFM1 in the range of 6–
60 ng/L, with a detection limit of 1.98 ng/L. This aptasensor was based on the
polymerization of the Fe3O4 incorporated polyaniline (Fe3O4/PANi) on
inter-digitized electrode (IDE) as sensitive film on which aptamer was immobilized.
Magnetic nanoparticles were used as signal amplification element. The AFB1
detection was performed via electrochemical signal change acquired by cyclic and
square wave voltammetry. Dinçkaya et al. [103] developed a three step DNA based
biosensor; a first layer of self-assembled monolayer (SAM) of cysteamine was
deposited on gold electrodes, followed by a gold nanoparticles layer to immobilize
a thiol-modified single stranded DNA (ss-HSDNA) probe. The assembly processes
were monitored with the help of electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV) techniques, and the method permitted a linear response to
AFM1 in the range of 1–14 ng/mL with a standard deviation of ±0.36 ng/mL.

Evtugyn and colleagues [104] reported the fabrication of an electrochemical
aptasensor based on neutral red modified polycarboxylated macrocyclic ligands
“calixarens” on which AFB1 specific DNA aptamer was covalently immobilized. The
interaction with the target was monitored with cyclic voltametry (CV) and electro-
chemical impedance spectroscopy (EIS), and a negligible variationwas observedwith
a LOD of 0.1 nM for CV and 0.05 nM for EIS. This method allowed the detection of
AFB1 inwhitewine, soy sauce, peanuts and cashewnutswith a recovery of 80–100%.

Castillo et al. [105] fabricated a sensitive electrochemical aptamer-based sensor
for the direct detection of mycotoxin AFB1. They covered gold electrode with
cystamine, then immobilized Poly (amidoamine) dendrimers of fourth generation
(PAMAM G4) and subsequently employed for attachment of single stranded
amino-modified DNA aptamers specific to AFB1. The different steps of the
aptasensor construction were monitored with cyclic voltammetry (CV) and elec-
trochemical impedance spectroscopy (EIS). This aptasensors allowed to detect
AFB1 in buffer between 0.1 and 10 nM, with a LOD = 0.40 ± 0.03 nM and was
characterized with comparable results in treated certified contaminated peanuts
extract as well as in spiked peanuts snacks with a recovery of 96–120 %.
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The specificity of this aptasensor to AFB1 was investigated in the presence of other
interfering toxins.

Electrochemical aptasensors have been widely used in OTA sensing including
label and label-free detection methods. For labeled modes, several biomarkers such
as quantum dots (CdS, PbS), methylene blue (MB), ferrocenes (Fc), enzyme
(horseradish peroxidase) and gold nanoparticles have been extensively employed in
aptasensing design. The label free mode is mainly based on EIS detection. Some
recent advances for OTA detection are summarized in Table 4.

Huang and colleague [96] optimized a signal-amplified electrochemical
aptasensor for ultrasensitive OTA detection based on signal enhancement with
rolling circle amplification (RCA). This aptasensor demonstrated a very low LOD
of 0.065 pg/mL and a 10000 fold extended dynamic range. Many other researchers
have demonstrated OTA aptasensor based on amplified signal. Bulbul et al. [79]
reported an ultrasensitive electrochemical aptasensor based on the synergistic
contribution of a nanoceria (nCe) tag and graphene oxide (GO) used to immobilize
the aptamer which capture OTA via a specific competitive mechanism between the
free and the nCe labeled one. This aptasensor exhibited a linear response to OTA in
the range 0.15−180 nM with a detection limit of 0.1 nM. Xie et al. [108] used an
outstanding DNA amplification procedure: loop-mediated isothermal amplification
(LAMP) whose products were combined with methylene blue (MB) and analyzed
using differential pulse voltammograms (DPV). This amplification allowed to detect
OTA at a range of 0.005–50 nM with a LOD of 0.3 pM.

Tong et al. [111] developed a different strategy to enhance OTA sensing. They
used a single-stranded DNA specific exonuclease which released the OTA asso-
ciated DNA from the complimentary Fc labeled DNA, digested it, and liberated the
OTA to re-engage it in the detection process and resulted in signal-on format. On
the other hand, Kuang and colleague [110] demonstrated a “signal-off” electro-
chemical aptasensor based on immobilizing of MB labeled aptamer to the electrode
surface by complementary pairing to DNA. Wu et al. [105], also demonstrated a
“signal-off” one step aptasensor, based on the conformational change of aptamer
after binding to OTA inducing remoteness of the MB modified side of the aptamer
from the electrode surface and loss of the signal was monitored.

Mishra et al. [107] demonstrated one of the label free impedimetric aptasensors
for OTA detection and quantification. It is based on immobilizing anti-OTA-aptamer
using diazonium coupling reaction and demonstrates a limit of detection of
0.15 ng/mL with a good recovery percentage in cocoa beans.

3.4 Peptide Based Sensors

Since last few years, researchers are interested in replacing natural biorecognition
elements with artificial receptors that are robust, more stable and cheap to produce,
easy to modify, and are able to bind to specific chemical functions and/or molecular
structures which makes them very suitable candidate for the development of
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biosensors [119]. Tozzi and co-workers have synthesized and identified a
hexapeptide which showed a good affinity (Keq = 3.4 × 104 M−1) towards the
mycotoxin ochratoxin A (OTA) detection. This hexapeptide has been used in an
immunoaffinity-like stationary phase to develop a solid-phase extraction method for
the quantification of OTA in wine samples. Several different wine samples fortified
with OTA showed recovery of 94.7 and 98.4 % [120].

Bazin et al. [121] elaborated a sensing method that was based on the use of
peptides to detect OTA. The peptide NFO4 was selected because of its high affinity
toward OTA compared to other peptides. It was used and validated in performing a
peptide based competitive ELISA assay, and discriminated a concentration of
2 µg/L of OTA in red wine without pre-treatment of the sample. The same peptide
was immobilized via a histidine tag onto 3D porous chitosan foam pre-adsorbed
with Zn2+ [122]. This study revealed that the histidine tag modification and
immobilization has improved the OTA detection with the finding that the
N-terminus is 2.5 times more efficient rather than C-terminus.

4 Conclusion

By summarizing recent progress in developing analytical methodologies, we have
demonstrated that electrochemical biosensors can be used as highly sensitive and
selective alternatives to conventional analytical methods for the detection of
mycotoxins. The small size and simplicity of biomolecules, added to their easy
functionality, enable their oriented immobilization, increasing the efficiency in the
binding of targets and minimizing the non-specific adsorptions, making electro-
chemical biosensors as ideal candidate for mycotoxin detection.

In comparison to other immunosensors, electrochemical aptasensors offer sev-
eral advantages such as extended stability, low production cost and easy and diverse
modification sites. The use of screen printed electrodes as transducer in combina-
tion with aptamer as biorecognition element allows to miniaturized the system, and
improve the reliability, speed and cost-effectiveness of the analysis. Broad ranges of
sensing formats are being studied in order to apply the developed strategies to other.
Recently, researchers have explored nanomaterials of vital interests with
advancement in the field of nanotechnology. With this progress, nanomaterials are
extensively integrated in the field of aptasensors for diverse applications. For
example, our group has recently employed nanoceria particles and carboxy
fluorescent particle as signal generating probes to replace the commonly used labels
in the design of aptasensors [79, 123]. Future research may focus on the portability
and cost effectiveness of the affinity sensor, making them highly suitable for field
applications.
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Comparative Studies on Optical
Biosensors for Detection of Bio-Toxins

Alexei Nabok

Abstract A number of optical bio-sensing methods were reviewed with their
principles and main characteristics outlined. The advantages and disadvantages of
optical methods were discussed in a view of their application in detection of
bio-toxins. A case study presented the comparative analysis of results in detection
of mycotoxins obtained with the method of total internal reflection ellipsometry.
The future prospects of optical biosensing technologies were discussed with the
main focus on development of portable and highly sensitive biosensors suitable for
in-field analysis.

Keywords Optical biosensors � SPR � Ellipsometry � Interferometry � Planar
waveguides � Mycotoxins

1 Introduction: The Role of Optical Methods in Detection
of Bio-Toxins

Detection of bio-toxins of different origins (either produced naturally by different
bio-organisms or synthetic) is of great interest nowadays for healthcare, environ-
mental safety, and security. Traditional analytical methods, such as chromatogra-
phy and mass spectroscopy, are quite capable of both identification and
quantification of various bio-toxins in very small concentrations down to ppt range.
However those laboratory-based, high-tech methods are expensive and require
efforts of specially trained personnel, thus leading to long waiting time and high
cost of analysis. Traditional bio-sensing approach based on ELISA immunoassay is
more affordable though still laboratory-based and require specialised equipment,
highly trained technicians, and expensive chemicals; yet the sensitivity of detection
is in ppb range at best.
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These days, the focus of the development of chemical and bio-sensors has
shifted towards portable (ideally hand-held) devices suitable for in-field (or point of
care) analysis and at the same time highly sensitive and capable of detection of
single molecules of analytes of interest. From the point of view of portability and
simplicity of design, nothing can be better than electrochemical sensors; that is why
electrochemical sensors dominate the bio-sensing market. Their sensitivity is rea-
sonably high though the selectivity is rather poor, so that the identification of
analytes is the main problem for electrochemical sensors. The most common sen-
sitive elements in electrochemical sensors are enzymes which are not directly react
with bio-toxins but rather inhibited. The identification of toxins is therefore required
the use of sensor array approach with quite complex statistical data analysis and
thus unreliable outcome. Since most of bio-toxins are rather small molecules, the
use of gravimetric sensors, i.e. QCM and SAW sensors, is limited. Optical
immuno-sensors are perhaps the most suitable for detection of bio-toxins since they
combine high sensitivity of optical transducers with high selectivity of immune
reactions.

The main purpose of this work is to compare several optical bio-sensing tech-
nologies on their suitability for detection of bio-toxins and to suggest the ways for
future development of sensor devices.

2 Review of Existing Optical Bio-Sensing Technologies

Before going into description of different bio-sensing technologies, we have to
outline the parameters on which all these methods will be compared. The sensitivity
of detection can be defined as S = ΔR/ΔC, where ΔR is the changes of the sensor
response and ΔC is the variation of the analyte concentration. Since the majority of
optical bio-sensing methods are based on detection of changes in refractive index in
the sensitive molecular layer, without mentioning specific analytes, the sensitivity
can be expressed as S = ΔR/RIU (RIU standing for refractive index unity). Very
often instead of sensitivity, we tend to quote the low detection limit (LDL) which is
defined as minimal concentration of analytes detected. Obviously LDL is inversely
proportional to sensitivity, but also depends on signal to noise ratio for the
response. The units for LDL could be in molar concentrations (mM, μM, nM, pM,
etc.), or weight of analyte per ml of solution (μg/ml, ng/ml, pg/ml, etc.), which are
equivalent to ppm, ppb, and ppt, respectively. Other important characteristics are
the level of sensor recovery and the characteristic times of response and recovery.
These parameters are related to the kinetics of the response and recovery and
depend on the adsorption and desorption rates (ka, and kd) as well as on their ratios
known as association constant (KA = ka/kd) and affinity constant KD = 1/KA = kd/ka.
The latter two parameters describe well the specificity of binding the molecule of
analyte to receptor. For example, in the case of highly specific immune reactions KA

reaches the level of 106–108 Mol−1.
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Optical immuno-sensing technologies can be split into two categories, namely
luminescence (fluorescence) sensors and label-free sensors. In the first one, the
sensitive elements, such as proteins, antibodies, enzymes, nano-particles are con-
jugated with the fluorescent labels; binding analyte molecules to such receptors
causes luminescence (fluorescence) or it’s quenching. As result the response can be
easily visualised either by naked eye or with a suitable photodetector.
Fluorescence-based sensing technologies are very popular and particularly suitable
for high throughput analysis. The example could be the method of ELISA [1] where
the immune reaction can be quantified simultaneously in a large number of channels
(typically 96). ELISA was established as a standard bio-sensing method in ana-
lytical laboratories, and other bio-sensing methods are commonly compared with it.
The sensitivity of ELISA is reasonably high, typically below the ng/ml level. The
main drawback of this method is the use of expensive chemicals and long time of
preparation for analysis; yet it is a laboratory based method not suitable for in-field
analysis.

The main focus of this review is on label-free optical methods. Majority of these
methods are based on the phenomenon of evanescent field or wave which appear as
electromagnetic wave propagating along the interface between two materials with
different refractive indices when the light enter the material with lower refractive
index at total internal reflection condition; the amplitude of evanescent is expo-
nentially decaying away from the interface. Optical waveguides are based on this
principle with the light propagating along the material of higher refractive index
(core) when sandwiched between materials of lower refractive index (cladding).

The waveguides could be of different geometries from standard cylindrical in
optical fibres to rectangular in planar waveguides and optical slabs. There are a
number of sensing technologies based on optical fibres with the simplest one having
a tip of the optical fibre coated with sensitive material. The intensity of the reflected
light carries the information on interaction between the receptor and analyte
molecules. Although such sensors are simple and could be handy for remote in-field
analysis, the sensitivity of such optical probes is rather poor, typically in ppm range
and below.

More advanced optic fibres sensors utilize diffraction gratings written either in
the core or cladding resulting in Bragg-Grating (BG) sensors [2] and long period
grating (LPG) sensors [3], respectively. These sensors were found application in
remote sensing though the sensitivity of detection has never been high.
Regenerating of the sensing surface could be another problem which limits their use
for detection of bio-toxins. Sensing applications of the waveguides of planar
geometry are very promising and will be discussed later.

The phenomenon of surface plasmon resonance (SPR) constitutes the basis of
the most popular optical biosensing technology [4]. Surface plasmon resonance
takes place in thin metal (Ag, Au, Cu) films (around 40 nm) deposited on glass. In a
classical Kretschmann SPR geometry the light is coupled into thin metal film
through the prism (Fig. 1a). When the angle of incidence exceeds the critical angle
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of total internal reflection, almost 100 % of light is reflected and the evanescent
wave is propagating along the surface. However, if the kx vector of the evanescent
wave matches the ks.p. vector of surface plasmons in thin metal films, the energy is
transferred to plasmons and the reflection intensity drops down.

The dependence of refection intensity against the angle of incidence showed a
dip which is called surface plasmon resonance or shortly SRP (Fig. 1b). Since the
evanescent wave penetrates into the medium beyond the metal films any molecular
adsorption on the surface of metal will cause a shift of SPR peak to high angles,
which could be calibrated in terms of molecular concentrations. The effect of SPR is
behind the most popular optical bio-sensing technology which was implemented in
a large number of commercial instrumentations with BIACORE the most known.
The designs are varied: instead of varying the angle of incidence, the wavelength of
incident light can be varied which results in a spectroscopic SPR, portable SPR
instruments based on this principle were developed. Different types of prisms
(triangular, semi-cylindrical) can used for light coupling; instead of a prism,
the diffraction grating can be used. The light spot could be widened resulting in
SPR imaging instrument [5]. The sensitivity of SPR detection depends very much
on the configuration used. The highest sensitivity of 10−9 RIU quoted by
BIACORE was achieved with the use of special gold plates coated with a 10 nm
thick porous layer of dextrane providing the large sensing surface and also con-
taining the reference channel. Otherwise, typical sensitivity of majority of com-
mercial SPR instruments is 3–4 orders of magnitude smaller.

Ellipsometry is another popular optical analytical method based on detection of
changes in polarization of light upon its reflection from the investigated surface [4,
6]. The state of polarization of light is fully described by two ellipsometric
parameters, namely Ψ and Δ which represent respectively the ratio of amplitudes
and the phase shift between p- and s- components of polarized light, Ψ = Ap/As,
Δ = φp–φs. Such changes of Ψ and Δ are related to the optical parameters of the
reflected surface through Fresnel equations. The presence of any thin film on the
reflected surface, which could be a layer of adsorbed molecules, affects the values
of Ψ and Δ. By solving Fresnel equations using appropriate software, it is possible
to calculate the values of the thickness and refractive index of the adsorbed
molecular layer from experimentally recorded values of Ψ and Δ, therefore the
ellipsometry can be utilised for detecting different chemical reactions on the

SPR: k
x
= k

s.p.

100%

R
Total internal 
reflection

Plasmon
resonance
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Fig. 1 Kretchamann configuration of SPR (a); Typical SPR curve (b)
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surface, e.g. for sensing. The ellipsometry is a very sensitive analytical tool which is
typically used for optical characterisation of various thin films and coatings with the
0.01 nm accuracy of thickness detection and 10−5 for refractive index.

Typically ellipsometric instruments comprise the light source, polarizer, com-
pensator, analyser, and photodetector. There are a number of commercial ellipso-
metric instruments available from basic monochromatic and fixed angle instruments
to automated variable-angle, spectroscopic instruments, among them the most
known are J.A. Woollam and Jobin Yvon instruments. Despite high sensitivity the
ellipsometry in its traditional configuration is hardly used for sensing applications.
For sensing purposes, a cell has to be attached to the instrument allowing injection
different substances (both gaseous and liquid). The fact that the light travels trough
the cell appeared to be the main obstacle for sensing application. The cells can be
relatively easily used for gas sensing, but not for sensing in liquids. Different values
of refractive index of liquids affect the performance; the liquid medium may also
absorb or scatter light. The commercial cells are usually of high volume (tens of
millilitres) which is definitely not suitable for bio-sensing which typically operate
with microlitres quantities. This problem was overcome about 10 years ago, by
combining the ellipsometry and SPR [7, 8] and the new method of total internal
reflection ellipsometry (TIRE) was established. The method of TIRE was further
developed in the research group of A. Nabok and appeared to be particularly
suitable for detection low molecular weight analytes such as mycotoxins [9–13].
The experimental TIRE set-up shown in Fig. 2a is based on a spectroscopic J.A.
Woolam M2000 ellipsometric instrument with an addition of a 68o prism in optical
contact (via index matching fluid) with gold coated glass slide. A 0.2 ml PTFE cell
is sealed against the gold surface via silicon rubber O-ring; the cell has inlet and
outlet tubes allowing injection of different solutions. The polarized light is coupled
into the gold coated glass slide through the 68o prism which provides total internal
reflection conditions on the interface between glass and water. Typical TIRE
spectra of Ψ and Δ recorded on bare gold film of 25 nm thick deposited on glass
with the cell filled with water are shown in Fig. 2b. As one can see, the spectrum of
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Fig. 2 TIRE experimental set-up (a); Typical spectra of Ψ and Δ recorded on bare gold (b)
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Ψ resembles the classical SRP curve with the maximal signal at about 550 nm
wavelength corresponding to total internal reflection conditions and the minimum
corresponding to plasmon resonance. It is SPR indeed with the only difference of
using a mixture of p- and s- polarised components in contrast to traditional SPR
which used p-polarized light only. The spectrum of Δ however represents a new
quantity of phase shift between p- and s- components of polarized light, which
doesn’t exist in SPR. The spectrum of Δ in Fig. 2b shows a phase drop near the
resonance, which actually a characteristic of particular instrument used (J.A.
Woollam, M200), but it is very sensitive to adsorption of molecules on gold surface
and can be calibrated and used as a sensing response. The modelling showed 10
times better sensitivity of the parameter Δ that that of Ψ to small changes of
thickness and refractive index in the adsorbed molecular layer [11]. Therefore, for
sensing purposes, it better to use the spectra of Δ; the method of TIRE can be called
as phase SPR. In both SPR and ellipsometry, the fitting of experimental data to
Fresnels equations allows finding the optical parameters of thin molecular films,
such as thickness (d) and complex refractive index N = n − jk (where n is refractive
index and k is extinction coefficient). However, the limitation of SPR and ellip-
sometry is that for transparent dielectric films (k = 0, n > 1) with the thicknesses less
than 10 nm it is impossible to find simultaneously the values of d and n.
Traditionally in SPR, all changes in the sensing layer are associated with the
refractive index, which is fully justified for BIACORE instruments or similar using
a porous layer of dextrane with a constant thickness, but it is not always the case. In
our experiments using TIRE, for example, it is more logical to “fix” the refractive
index and associate all changes with the layer thickness [11]. This is obviously an
approximation but it is very close to reality, since majority of biochemicals used
have more or less the same refractive index of 1.42 in the visible spectral range [14].

Another very promising method based on evanescent field principle is called
optical waveguide lightmode spectroscopy (OWLS) [15–18]. The schematic dia-
gram of OWLS is shown in Fig. 3. It is similar to SPR with the light coupled to a
slab waveguide using diffraction grating. The angles of coupling depend on the type
of light polarization used p- and s- (often referred in literature as TM and TE,

Fig. 3 Schematic diagram of
OWLS experimental set-up
[15]
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respectively). In the method of OWLS, these angles are recorded continuously by
rocking the chip by a small angle ±7o, and the two coupling intensity peaks are
recoded at the angles of αs and αp..

If the adsorption of molecules occurs on the top of the waveguide (a flow
injection cell is attached for this purpose) positions of both peaks αs and αp shift to
higher angles. Because s-polarized light is less affected (as compared to
p-polarization) by changes in the adsorbed molecular layer difference between
coupling angles Δ = αp − αp can be used as a sensor response and calibrated in
concentrations of adsorbed molecules. The sensitivity of OWLS is similar to SPR
and is in the range of 10−6 RIU. An additional advantage of OWLS, is that the exact
solution of mode equations [15, 16] allows the simultaneous determination of n and
d of adsorbed molecular layer. A relative disadvantage of OWLS is rather bulky
and expensive experimental set-up, so the OWLS is laboratory-based equipment.

It is well known that interferometry is a very sensitive analytical tool in optics;
these advantages of interferometry have been exploited in chemical and
bio-sensing development. A very successful commercial biosensing instrument was
based on dual polarization interferometer (DPI) [19, 20]. The idea of this instrument
is quite simple and based on interference of two waves propagating in adjacent
slabs and the formation of the interference pattern as shown schematically in Fig. 4.
Since the upper waveguiding slab is exposed to the environment, the molecular
adsorption affecting the propagating wave causes the shift of the interference pat-
tern which can be quantified in the concentrations of adsorbed molecules. The
sensitivity of this method is claimed to be of 10−7 RIU which is comparable with
the best SPR achievements. The interpretation of the results is not model-dependent
(as compared to SPR or ellipsometry), so the outcomes can be easily interpreted as
changes in refractive index or thickness, or optical density of molecular layer. The
instrument is however quite expensive, bulky, and obviously laboratory based.

Perhaps, the most promising interferomeric scheme for bio-sensing applications
is Mach Zehnder interferometer [21], a well-known optoelectronic device used for

Fig. 4 Schematic diagram of DPI sensor
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mixing and modulating optical signals. It based on a planar waveguide splitting into
two arms which then merge together again (see Fig. 5a).

An opening in the cladding in one of the arms (called as a sensing window) acts
as the sensing element, while the second arm serves as a reference. The output of
MZ interferometer shown in Fig. 5b is a multi-periodic signal proportional to the
phase shift between the two arms: R � Sin us � urð Þ, where indices s and r stand
for “sensing” and “reference” arms. This multi-periodic signal has to be converted
to a voltage proportional to the phase shift. For a while, MZ interferometers were
bulky optical equipment, typically built on optical benches and used lasers.
Relatively recently, miniaturised MZ devices were fabricated commercially using
silicon microelectronics technology for telecommunication. Scientist working in the
area of chemical and bio-sensing found these devices extremely useful. The tech-
nical problems of connecting optical fibres to MZ planar devices were solved
successfully using Telecom fabrication facilities.

It was reported recently on the development of commercial multi-channel
bio-sensor comprising dozens of MZ interferometers and ring-resonators (another
optoelectronic device to be explained later [22]), integrated LED light sources, and
micro-fluidic system of liquid sample delivery.

In the last few years, MZ-based biosensors were developed further using a
concept of fully integrated MZ-devices based on SiO2-Si3N4-SiO2 planar waveg-
uide built on Si wafer with two p-n junctions on each end, one acting as an
avalanche LED emitting light straight into the waveguide, and another one acting as
photo-detector (see the diagram in Fig. 6 [23–25]).

Such design allowed combining all components on the same platform, e.g.
silicon wafer, and producing devices by standard microelectronics silicon tech-
nology. A large scale EU FP7 collaborative research project has resulted in a range
of biosensing chips comprising an array of MZ integrated devices data acquisition
electronics and microfluidics. The reported sensitivity of such devices was in the
range of 10−7–10−9 RIU. Optical ring resonators were mentioned earlier [22]; this is
another fruitful biosensing application of optoelectronic devices, e.g. band filter,
produced by telecommunication industry. It comprises two planar SiO2-Si3N4-SiO2

waveguides are placed on each side in an evanescent coupling distance from a ring
made of the same waveguiding material. The electromagnetic wave coupled into the
ring forms standing waves with characteristic resonances at λ = 2πr/n, where r is the

sensing window

input output

reference arm

output signal

time

(a) (b)

Fig. 5 The scheme of Mach-Zehnder interferometer (a); Multiperiodic output signal (b)
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ring radius and n is integer number. Such band-filter devices can be utilized for
bio-sensing applications if the sensing window is etched on one of the ring, with
another one serving as reference. The sensitivity in the range of 10−6 RIU is
achievable.

Another very promising biosensing development appeared in the last decade is
based on the phenomenon of localized surface plasmon resonance (LSPR). It is quite
remarkable that the phenomenon of LSPR has been predicted theoretically by Mie in
1908 [26], then been deserted for nearly a century, and now appeared with a bang
due to the rise of material nanotechnologies. The effect of LSPR is caused by
oscillations of surface electrons typically in metal nano-structures, such as
nano-particles of dimensions comparable with the wavelength of light. Illustration of
this phenomenon is given in Fig. 7a. Such oscillations have a characteristic reso-
nance frequency (wavelength) in visible optical range which depends on the type
and geometry of metal nano-structures. According to Mie theory, the cross-section

Fig. 6 Fully integrated MZ interferometer sensor [24]

Abs.

2 > n1 

n1 

λλ
Metal nanoparticles (NPs)

Localized plasmons
n

(a)
(b)

Fig. 7 Interaction of EM wave with surface plasmons in metal nanoparticles (a); Spectral shift of
LSPR band due to changes in refractive index of the medium (b)
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of extinction σext which sums up the effects of light absorption and scattering on
metal spheres of radius r smaller than the wavelength of light is described as [26]:

rext ¼ 12xp r3

c
e3=2m e00 xð Þ

e0ðxÞþ 2em½ �2 þ e00 xð Þ2

where em is the dielectric permittivity of the medium; e0 and e00 are, respectively, the
real and imaginary parts of the dielectric permittivity of metal particles which
depend on the circular frequency (x) of electromagnetic wave. The resonance
conditions are achieved when e0 xð Þ ¼ �2em.

The effect of LSPR is easily detectable using standard spectro-photometry, and
LSPR spectra are shown schematically in Fig. 7b. The position and the shape of the
LSPR band strongly depend on the refractive index of the surrounding medium, as
it obvious from Mie formula. As has been shown more precisely in [27] the
refractive index of a medium (nm) causes the shift of the LSPR peak (kLSPR) to
longer wavelengths in respect to the plasmon peak in bulk material (k0):
kLSPR ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2n2m þ 1
p

. This constitutes the main principle of LSPR-based sensors;
the molecules adsorbed on the surface of metal nanostructures alter the local
refractive index in the vicinity of metal nano-particles thus causing the changes of
the absorption band which then can be quantified and calibrated against the con-
centration of the adsorbed molecules.

The practicality of the LSPR is largely related to the type of metal
nano-structures and technology of their fabrications. First of all, metals must be
highly conductive which gives an obvious choice of Au, Ag, Cu, etc. Among those
metals, gold is the most popular since it combines high conductivity with chemical
inertness and well-developed thiol chemistry of its surface modification for
immobilization of proteins. Historically, gold nano-particles were perhaps the first
type of nano-structures used for LSPR sensing applications [28]. There are a
number of well-established recipes of fabrication of gold nano-particles which
researches can easily reproduce in the lab to make gold-nanoparticles of particular
sizes. Also, nano-particles of gold (as well as some other metals) of various sizes
are commercially available these days.

The range of nano-structure types and the methods of their formation is vast and
apart from nano-particles included various nano-structures such as nano-rods [29],
nano-islands [30], and nano-holes [31]. The variety of metal-nanostructures can be
split into two categories: organized and random nanostructures. Random nano-
structures are usually self-assembled and thus have irregular shapes and sizes and
random spatial arrangement, while organized nano-structures are usually produced by
nano-lithography, i.e. electron beam lithography or UV interference lithography [32].

A very smart and elegant method of producing metal nano-structures is the
micro-sphere lithography [33]. In this classical work metal (silver) was
electro-deposited through the gaps in a monolayer of closely packed polysterene
spheres, and the resulted triangular nano-islands arranged in hexagonal 2D lattice
were revealed after removing microspheres (Fig. 8).
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However, the simplest technology of making metal nano-structures is annealing
of thin metal films. Figure 9a shows the formation of nano-islands structure after
annealing at 480 °C for 1–2 h a 4 nm thick gold film thermally evaporated on glass
(2 nm layer of Cr was evaporated first to provide good adhesion). The respective
absorption spectra in Fig. 9b show the transition from a classical Drude dispersion
to a pronounced LSPR band at about 560 nm as a result of annealing.

The formation of nano-islands by de-wetting of continuous thin metal films at
high temperatures has been studied systematically by Rubinstein and his
colleagues. The refractive index sensitivity depends on the thickness and the size of
metal nano-structures, and typically found to be in the range of 50–150 nm/RIU [34].

The spectra of alongated nanoparticles or nano-structures of more complex
geometries revealed multiple LSPR peaks which still can be explained using
classical electrodynamic theory [35]. For example, the rectangular particles of
different aspect ratio yield three LSP peaks which correspond to depolarization
factors along all three dimensions, length, width, and height [36]. Increasing of the
aspect ratio results in further red shift of the third peak (at the longest wavelength)
while the first two peaks remained the same. A very high sensitivity of LSPR down
to single molecule level was claimed. This is however a trivial fact considering

Fig. 8 Formation of metal nanostructures by microsphere lithography [33]

Fig. 9 AFM image of 4 nm Au film thermally evaporated on glass (a); UV-vis absorption spectra
of thin Cr/Au films before and after annealing (b)
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small dimensions of nano-particles which can indeed adsorb a single molecule of
analyte. Accumulative effect of all nano-particles, yield rather modes sensitivity in
the range of … which is suitable for detection of large molecules such as proteins,
but not sufficient for detection of bio-toxins of low molecular weight.

The research in optical properties of metals nano-structures revealed the phe-
nomenon of surface enhanced Raman scattering (SERS) which may revolutionise
chemical and bio-sensing. The SERS is know long time ago as the method of
substantial enhancement of sensitivity of Raman spectroscopy using rough surfaces
[37] due to scattering of the electromagnetic waves and the associated local
enhancement of electric field. Certain types of metal nanostructures, such as pointed
towards each other triangles formed by micro-sphere lithography, appeared to show
a huge enhancement of Raman signal up to 109 times [37]. The reason behind such
enhancement is the presence of so-called “hot spots” having much large values of
electric field near the sharp edges. Our recent experiments with pointed gold
nanostructures obtained by interference lithography revealed the 6 orders of mag-
nitude enhancement of some vibration bands in adsorbed metal-phthalocyanine
molecules [32]. The effect of SERS can be particularly useful for chemical sensing.
Bio-toxins of different types can be identified by their characteristic
vibration-spectra signatures; the sensitivity of detection could truly go to a single
molecule level. However, SERS usually works in a very narrow spectral range and
can enhance only particular vibration bands. That is why, researchers use dye
molecules acting as Raman labels. Recent development in SERS sensing showed a
possibility of “broad-band” SERS which provide large enhancement of 105–106 in a
wide spectra range covering practically all IR spectra [38]. This was achieved using
a specially designed and fabricated with electron beam lithography SERS
nano-antenna having multiple hot-spots of different resonant frequencies.

3 Case Study: Detection of Bio-Toxins Using TIRE

The main problem of optical detection of bio-toxins is their relatively small
molecular weight, so that only the most sensitive analytical tools can be utilised for
this task. The detection of mycotoxins was (and still is) a very important problem
related to food and feed safety, as well as to security. There are huge varieties of
fungi releasing different mycotoxins some of which are toxic, carcinogenic,
endocrine disruptive agents, so that the contamination of agriculture products with
mycotoxins as well as derivative food and feed constitute a real danger. The above
hazardous properties together with the simplicity of mycotoxins production make
them listed as substances of potential terrorism activities and biological warfare. In
this research we focused on detection of three mycotoxins, namely T2, zearalenone,
and aflatoxin B1 in the immunoassays with respective antibodies. Initially tried
method of SPR appeared to be not sensitive enough for detection of mycotoxins,
therefore the recently developed method of TIRE was selected as the main
biosensing technique.
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For immobilization of antibodies on the surface of gold, the method of elec-
trostatic deposition, which has been developed in our research group, was used [4].
Standard microscopic glass slides were coated with 25 nm thick gold film with a
3 nm underlayer of chromium providing good adhesion of gold to glass. In order to
increase the negative surface charge, gold coated slides were treated overnight in
100 mM solution of mercapto-ethylene-sulfonate sodium salt. The following
depositions steps were carried out in the reaction cell of TIRE experimental set-up
shown in Fig. 2. The spectra of Ψ and Δ were recorded in the same standard
Tris-HCl buffer solution (pH 7.5) after each adsorption or binding step. In addition,
the kinetics of molecular adsorption or binding has been studied by recording Ψ and
Δ spectra many times after a certain time interval, and then plotting time depen-
dences of Ψ and Δ at particular wavelengths. The first step was the deposition of
polycationic layer of poly-allylamine hydrochloride (PAH) from its 1 mg/ml
solution in deionised water. Then a layer of protein A was electrostatically adsorbed
from its solution in Tris-HCl buffer, pH 7.5–8. Then antibodies to respective
mycotoxins were immobilized on the surface. IgG based antibodies having a
binding site to protein A in the second domain were oriented on the surface with the
fab-fragments pointing towards the solution. Immune binding of the mentioned
above mycotoxins to their specific antibodies immobilised on the surface was
carried out by consecutive injection of small amounts of toxin into the cell starting
form the smallest concentrations.

In the example of T2 immunoassay, the kinetics of the immune binding of T2
molecules to specific antibodies was studied by TIRE dynamic scans during
injection of T2 into the cell. The kinetics data analysis protocol was based on
differential equation of adsorption on single binding cites [11–13]. The experi-
mental time dependencies of Ψ or Δ were fitted to exponential function and the time
constant (τ) was evaluated. Such procedure was repeated for different concentra-
tions (C) of mycotoxins, and a linear dependence of 1=s ¼ kaCþ kd versus C was
plotted. The rates of adsorption (ka) and desorption (kd) were found, respectively, as
the gradient and intercept of this dependence. Then the value of the association
constant can be found as KA = ka/kd. The obtained values of KA for all three
mycotoxins studied were in the range of 107 Mol−1 which is typical for highly
specific immune binding between mycotoxins and respective antibodies.

Typical spectra of Δ recorded after each adsorption (binding) step shown in
Fig. 10 demonstrate the “red” spectral shift which is proportional to the size (or
mass) of the adsorbed molecules. For sensing purposes, it would be sufficient to just
calibrate the shift of Δ spectra in concentrations of mycotoxins. The detection limit
for mycotoxins in the range of 0.1 ng/ml is very good for direct immunoassay.
However, we were also interested in the physical meaning of the response, so that
the fitting of TIRE data was carried out using an upside-down four-layer ellipso-
metric model consisting of BK7 glass (ambient), Cr/Au film, molecular layer, and
water (substrate) [11].

Dispersions functions for n and k for all materials used were taken from J.A.
Woollam database. The effective thickness (d) and dispersions of n(λ) and k(λ) for
Cr/Au layer were found first from TIRE spectra recorded on bare gold layer, then
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these parameters were kept fixed at further fittings. The molecular layer was
modelled by Cauchy layer n = A + B/λ2 + C/λ4 where the parameters of A = 1.39,
B = 0.01, and C = 0 were fixed giving the value of n = 1.42 at 633 nm, also k = 0.
Therefore all changes taken place in the molecular layer were associated with the
thickness d.

The resulted data were presented in Fig. 11 as calibration curves, i.e. depen-
dences of the thickness increment vs concentration of mycotoxins, for all three
mycotoxins studied. As one can see, all mycotoxins show similar sigmoid type
calibrations typical for immune reactions with LDL of 0.1 ng/ml. 10 times lower
LDL (0.01 ng/ml) was achieved for detection of Zearalenone using competitive
immunoassay [12]. It was interesting to note that the thickness increments of 4.5,
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2.5, and 1.5 nm for T2, ZON, and AFT, respectively, are larger than actual
dimensions of corresponding mycotoxins, especially considering that the obtained
thickness values are effective because of signal averaging over a large area
(15 mm2) of a light beam spot. This could be a result of aggregation of hydrophobic
mycotoxin molecules in water solutions.

The concept of molecular aggregation has been proved when studying immune
binding of nonylphenol to respective monoclonal antibodies using a similar TIRE
experimental protocol [39]. It appeared that the maximal thickness increment in
calibration curve reached 25 nm, a huge thickness nearly 20 times larger than the
length of nonylphenol molecule. Also a substantial mass gain was recorded with
QCM, and the formation of large aggregates was observed with AFM. The
experimental results obtained supported the idea of the formation of micelles of
amphiphilic nonylphenol molecules when the initial stock solution of nonylphenol
in acetonitrile was diluted with water. Such large aggregates can still bind specif-
ically to antibodies with the association constant in the range of 106 Mol−1; the
modelling showed that the nonylphenol micelles having rather a “flat pancake”
shape can bind to several anaibodies simultaneously [40]. Similarly, specific
binding of molecular aggregates (though of much smaller sizes) to antibodies may
take place in the case of hydrophobic mycotoxin molecules. This may give an
additional boost in sensitivity as compared to adsorption of single molecules.

The method of TIRE has been successfully utilized for detection of some other
bio-toxins, namely herbicides pesticides simazine and atrazine [9] and microcystin
LR released by bacterial algae [41]. Therefore, the method of TIRE is particularly
attractive for detection of low molecular weight analytes as most of bio-toxins are.
The sensitivity in sub-ppb level is achievable with TIRE.

4 Conclusions and Future Prospects for Bio-Toxins’
Sensor Development

The main outcome of the analysis of literature as well as from our own experience
was that the interferometric sensors offer much lower LDL for bio-toxins in pMol or
even in fMol range, three orders of magnitude better as compared to more tradi-
tional optical methods of SPR, OWLS, TIRE. This is because of multiple reflec-
tions of light in planar waveguide structures having large differences between the
core and cladding. Scaling down sensing devices to a hand-held type is another
major issue in sensing development. From that point of view, MZ interferometers
and ring resonators together with microfluidic system produced with the use of
advance telecommunication technological facilities is very promising. Fully inte-
grated MZ devices recently developed within EU FP7 project are perhaps the most
attractive from the point of view of miniaturization. Such devices can be integrated
together with microfluidic and signal acquisition system into a single silicon
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chip. This may result in development of highly sensitive and portable (mobile
phone size) sensors for in-field analysis with the grate benefits for agriculture, food
industry, medical testing, environmental safety, and security.

In addition to existing planar waveguide designs, we would like to develop
(within ongoing NATO SPS project) a novel type of interferometric sensor devices
based the principle of planar polarization interferometry (PPI) shown in Fig. 12.
A polarized light coupled into the waveguide experiences a large number of
reflections (up to 5000 per mm) causing a substantial phase shift between p- and s-
polarization components (the latter one less affected by the medium serves as a
reference). The resulted output signal is multi-periodic similarly to MZ
interferometer.

Preliminary experiments [42] and modelling [12] showed a possibility of sen-
sitivity enhancement of minimum 1000 times as compared to the TIRE method, so
that the LDL of detection bio-toxins may go down to pg/ml or even lower.
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