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Preface

Biosensors have a simplistic concept but a great deal of sophistication in
design, manufacture and application. They essentially have a biological
component within them and are used to detect, monitor or quantify
substances. They use a variety of physical platforms and technologies. The
biological components may include enzymes, membranes and cells or any
other naturally occurring biological product. Some have artificial biological
components such as modified molecules or polymers. Biosensors may be
used to detect single or groups of molecules and have wide applicability
to the life sciences. In this book we aim to disseminate the information
on biosensors in a readable way by having unique sections for the novice
and expert alike. This enables the reader to transfer their knowledge base
from one discipline to another or from one academic level to another.
In this book we focus on environmental issues. Chapters in Biosensors
and Environmental Health have an abstract, key facts, applications to
other areas of health and disease and a “mini-dictionary” of key terms
and summary points. The book describes new methods, prototypes and
applications. For example coverage includes: personal toxicity testing, soil
and risk assessment, pesticide, insecticides, parasites, nitrate, endocrine
disruptors, heavy metals, food contamination, whole cell bioreporters,
bacterial biosensors, antibody-based biosensors, enzymatic, amperometric
and electrochemical aspects, quorum sensing, DNA-biosensors, cantilever
biosensors, bioluminescence and other methods and applications.

Contributors to Biosensors and Environmental Health are all either
international or national experts, leading authorities or are carrying out
ground breaking and innovative work on their subject. The book is essential
reading for environmental scientists, toxicologists, medical doctors, health
care professionals, pathologists, biologists, biochemists, chemists and
physicists, general practitioners as well as those interested in disease and
sciences in general.
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1

Immunochips for Personal
Toxicity Testing

Zhixian Gao,' Nan Liu'* and Rajkumar Rajendram?

ABSTRACT

People are exposed to many chemicals in the course of day-to-day life.
Measurement of the exposure of the environment and its inhabitants
to pollutants is a useful estimate of the toxic effects of environmental
pollution on health. The microarray is a sensitive and precise device
which can be used to obtain this information from complex biological
samples. Microarrays can thus be used to assess the “health” of the
environment or an individual person. The use of microarrays allows
complex, automated, high-throughput processes to be performed in
small devices. The “immunochip” is a one of the formats of protein
microchip based on the molecular specific immunological recognition
of antigens (Ags) by antibodies (Abs) immobilized on a certain surface
that together respond in a concentration-dependent manner. Recent
work from our laboratory demonstrated that immunochip technology
can simultaneously detect at least five different chemicals. This chapter
discusses the various types of immunochips available and their
application in personal toxicity testing. The definition, main features,

'Tianjin Key Laboratory of Risk Assessment and Control Technology for Environment and
Food Safety, Tianjin Institute of Health and Environmental Medicine, No. 1 Dali Road, Heping
District, Tianjin, China.

*E-mail: Gaozhx@163.com

PE-mail: LNQ555@126.com

2Locum Consultant Physician, Department of Medicine, John Radcliffe Hospital, Oxford OX3
9DU, England.

E-mail: rajkumarrajendram@doctors.org.uk
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2 Biosensors and Environmental Health

and probes of “conventional” immunochips, “Lab-on a chip” and
“suspension arrays” are included. “Lab-on a chip” integrates several
laboratory processes including preparation, incubation, detection and
analysis on a single microchip. This eliminates the need for several
different pieces of laboratory equipment to prepare and analyze a
biological sample. The “high-throughput suspension” array is a novel
method for multi-analysis of veterinary drugs. It is easy to use, very
sensitive and inexpensive. However, immunochips are difficult to use
in the field. A high-quality Ab with good bioactivity and specificity is
the key reagent in the production of immunochips. Although further
investigation is required, the potential advantages of immunochip
technology for the detection of chemicals for environmental assessments
are of great interest.

INTRODUCTION

Millions of chemicals have been created as civilization has advanced
and industry and agriculture have developed. Modernization has
simultaneously facilitated human existence and wrought havoc on the
environment. Pollution is a global phenomenon of major concern.

The air quality of large- and medium-sized cities is poor worldwide. Air
pollution affects many countries but is the worst in the developing world.
Soil is commonly contaminated with solvents, hydrocarbons derived from
petrochemicals, heavy metals and pesticides. Organic pollutants are a major
problem affecting water quality. Eutrophication occurs naturally as bodies of
water age, but the process is accelerated by pollution. Many lakes in China
are in the intermediate or advanced stages of eutrophication. Pollution
from industry, agriculture and domestic life damages the ecosystem and
is a major hazard to human health. Air pollution increases excess mortality
rates especially in the developing countries. The incidence of gastrointestinal
tract tumors is increased with consumption of contaminated water. Many
environmental contaminants, pollutants and toxins interfere with immune
defense, immune signal transduction, and induce hypoimmunity and do
harm to population health.

The general population is exposed to many chemicals in the course
of day-to-day life. Measurement of the exposure of the environment and
its inhabitants to pollutants is a useful estimate of the toxic effects of
environmental pollution on health. “Safe” levels of exposure for many
chemicals have yet to be determined. Newly synthesized compounds are
released regularly and data on their intermediate products and by-products
are scanty. However, relationships between levels of exposure and adverse
effects on health remain unclear. So, even when guidance is available,
standards for safe or acceptable concentrations or levels of exposure often

© 2012 by Taylor & Francis Group, LLC
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vary between countries. Assessment of the toxicity of chemicals in vivo is
urgently in need of further research.

Personal toxicity testing is used to detect environmental toxins/
pollutants/contaminants and/or their metabolites and biomarkers.
Chromatogram (Koblizek et al. 2002), liquid chromatography with mass
spectrometry (LC-MS) technology (Ramos et al. 2003) and enzyme-linked
immunoadsorbent assay (ELISA) (Estévez et al. 2006; Mart’ianov et al.
2005) are widely employed for the detection of chemicals. However, these
techniques require meticulous sample preparation and are complex to
perform, so are expensive and time consuming. These shortcomings cannot
be easily overcome.

The use of recently developed scientific techniques such as proteomics,
metabolomics and metallomics could enhance personal toxicity testing and
environmental assessments. The research, development and use of these
and other new techniques, could improve monitoring of environmental
pollution and the effects on human health. The recent production of
microchips which can perform these techniques has enabled production
of small, automated analytical systems for this purpose.

Microarray or biochip technology allows the simultaneous monitoring
of several biological processes in a single experiment. These sensitive and
precise, automated techniques can obtain vast amounts of data from each
biological sample. Small, high-throughput systems utilizing microarrays
can be used to detect and analyze samples containing bacteria (Song and
Dinh 2004), viruses (Zhou et al. 2005), veterinary drug residues (Du et al.
2005) and tumor biomarkers (Ghobrial et al. 2005; Huang et al. 2004; Miller
et al. 2003; Ghobrial et al. 2005; Huang et al. 2004).

Biochips have several uses in the agricultural, veterinary, healthcare,
and medical sectors. DNA microarrays, which contain single strand
nucleotide probes bound to a solid substrate, are used to identify DNA or
RNA. DNA arrays function on the principle of nucleic acid hybridization
on a surface-immobilized template. Protein arrays (protein microchips)
contain various proteins probes imprinted on solid surface and can detect
interactions between different proteins (Chiem and Harrison 1998; Wildt
et al. 2000).

The immunochip is a protein microchip based on the specific recognition
of Ags by Absimmobilized on a solid planar surface (e.g. glass) that responds
in a concentration-dependent manner to a chemical target. Although plastic,
gold and silicon have been used, and several novel surfaces have been
developed including porous polyacrylamide gel pad slides (Arenkov et al.
2000) and microwells (Zhu et al. 2000), the most common surface used for
immobilization of bio-recognition agents is the glass microscope slide.

When complementary Ags or Abs react with probes on the array, the
resulting array image or fluorescent intensity (FI) can be captured by laser
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scanner and analyzed by software. Microarray images are necessarily of
high resolution and are therefore large (typically at least 1500 x 3500 pixels).
Multifunctional data analysis software such as GenePix Pro, ScanAlyze and
BlueFuse can be used to analyze FI data.

Several modifications of the conventional immunochip platform
have been described. These include the “lab-on a chip” (Du et al. 2005), a
hydrogel-based immunochip (Rubin et al. 2005) and the suspension array
(Connolly et al. 2010; Kalogianni et al. 2007) which immobilizes bio-active
materials on a fluorescent coded bead /microsphere.

High-output, automated, sensitive, analysis of several chemicals can be
performed simultaneously. The potential scope for use of the immunochip is
therefore remarkable. Although immunochip platforms are fairly versatile,
configurations are limited as chips must be designed to detect a specific
group of compounds. Abs with good bioactivity and specificity are the
best probes currently available. The use of high titres of Abs with high
specificity; especially monoclonal Ab (mAb), can significantly increase the
accuracy and sensitivity of the immunochip. Phage display technology and
ribosome display technology are tools for the generation of high-quality
Abs. However, acquiring the key reagent, i.e. the specific Ab required, is
still a limiting factor in the production of immunochips.

The Luminex (xMAP®) suspension array is another type of immunochip.
Itis a microarray on a microsphere surface which enables greater efficiency
and output than a glass slide (planar, solid microarray). This system is based
on internally color-coded microspheres with surface linked Abs, receptors,
or oligonucleotides. Beads containing one of 100 specific dye sets can be
differentiated by flow-cytometry. Binding of the surface label indicates
analyte binding and can also be detected using a second, shorter-wavelength
dye and a dual laser detector (Dasso et al. 2002).

It is inexpensive, versatile and considered as an open platform that has
been widely employed for multiplex analysis of ribosomal RNA (rRNA),
microRNA, cytokines and single-nucleotide polymorphisms (SNP);
selecting and screening of mAbs; detection and testing for Abs, bacterial
toxins, polysaccharides and autoantigens in serum, cerebrospinal fluid,
dried blood spot specimens, and stool samples (Liu et al. 2009).

Binding to the solid support of ELISA or other microarrays denatures or
dries bioactive materials. However, due to robust multiplexing, the Luminex
suspension array can obtain more data more quickly from samples in the
aqueous phase. Analysis of samples in the aqueous phase maintains their
bioactivity for probes. Suspension array technology also offers several
other advantages over traditional methods. It is versatile, flexible, accurate,
reproducible and high-throughput.
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APPLICATION TO HEALTH AND DISEASE

The aim of personal toxicity testing and environmental assessments is to
determine the effect of pollution on health. Traditionally the diagnosis of
disease was based on a single diagnostic test. However, modern clinical
practice, bases the diagnosis of disease on the synthesis of data from several
sources. Similarly environmental medicine and environmental health
assessments can now use biomarkers and cytokines as well as the detection
of toxins to determine the effects of pollution. The accuracy and validity
of environmental health assessments are improved simply by taking more
factors into account.

Immunochip based analytical techniques have a wide range of
potential uses for personal toxicity testing and environmental assessments.
Immunochips are already used extensively in many similar fields. For
example, clinical diagnostics, biomedicine and pharmaceutical analysis
use immunochips to detect disease related protein changes. Inmunochips
have also been used for the assessment of food and drink. Potential uses for
immunochips include analyses of nutrients, organic toxins (e.g. bacterial
toxins, mycotoxins and hormones) and inorganic toxins (e.g. pesticides, and
heavy metals). These chemicals pollute the environment and cause disease.
In comparison to other diagnostic techniques, those which use immunochips
can provide large amounts of data in simple, rapid, automated, and
relatively inexpensive processes.

KEY FACTS ON THE USE OF IMMUNOCHIPS FOR
PERSONAL TOXICITY TESTING

* Many environmental contaminants, including polychlorinated
biphenyl compounds, formaldehyde, heavy metals, organ
phosphorus pesticide, tobacco and smog affect white blood cell
function and immune signal transduction. This impairs cellular and
non-cellular immunity and reduces population health.

* Personal toxicity testing requires rapid, accurate detection of a
diverse range of chemicals which are often present in small traces and
analysis of the interactions of these toxins with health and disease.
This remains a formidable challenge.

* Analytical techniques which use microarray or biochip technology
allow sensitive and precise monitoring of multiple processes in
biological samples in a single experiment.

¢ Immunochips have a wide range of potential uses and can provide
large amounts of data in simple, rapid, automated, and relatively
inexpensive processes.
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* Abs with good bioactivity and specificity are the best probes
currently available and are the key reagents in the production of
immunochips.

* The use of high titres of Abs with high specificity; especially
monoclonal Abs, significantly increases the accuracy and sensitivity
of the immunochip.

e Phage display technology and ribosome display technology are other
alternative ideal tools for the generation of high-quality Abs.

DEFINITIONS OF KEY TERMS, GENES, CHEMICALS AND
PATHWAYS

¢ Endocrine disruptor chemical (EDC) is the external agent that
interferes with hormonal function in vivo. Any stage of hormone
production and activity can be affected. For example by preventing
hormones synthesis, binding directly to hormone receptors, or
interfering with the natural breakdown of hormones. These agents
can impair endocrine function in vivo and are toxic to human health
and the environment.

e Immunochip technology is based on the specific, concentration-
dependent, immunological recognition of Ags by immobilized Abs.
The most common surface used for immobilization of Abs is a glass
slide.

® Suspension array is another kind of immunochip and is simply a
transfer of the microarray format from a glass slide (planar and
solid microarray) to a high-throughput and efficient microsphere
format. This system is based on internally color-coded microspheres
with surface linking chemistry to accommodate Abs, receptors, or
oligonucleotides. Beads containing one of 100 specific dye sets can
be differentiated using flow-cytometry. Binding of the surface label
indicates analyte binding. This can be detected using a second,
shorter-wavelength dye and a dual laser detector (Dasso et al.
2002).

* “Lab-on-chips” integrate several laboratory processes on a single
microchip. These procedures include preparation, incubation,
detection and analysis.

e Phage display technology is widely used to display Ab libraries
on the surface of filamentous bacterio-phages. The libraries allow
the selection of Abs with high specificity and affinity for any Ags.
A phagemid-based Ab display library is made by cloning Ab
genes into a phagemid vector at the 5'end of the g III within the
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phagemid vector. This is followed by transformation of Escherichia
coli (Hoogenboom et al. 1991).

* Ribosome display is a powerful in vitro display technology. It exploits
cell-free translation to generate a selection unit comprising a “stalled”
ribosome linking a protein to its encoding mRNA (McCafferty et al.
1994). This pro-karyotic cell-free translation system can develop high
affinity Abs.

THE USE OF CONVENTIONAL IMMUNOCHIPS FOR
PERSONAL TOXICITY TESTING

Based on the molecular weight (MW) and the structure of the target
molecules, chemicals or toxins can be divided into macromolecules and
“small molecules”. The immunochips use patterned Abs/Ags and sandwich
immunoassays for the detection of their complimentary Ags/Abs. Most
toxins are small molecules. As there is generally only one binding site in the
structure of small molecules, direct or indirect competitive immunoassays
are used to detect toxins in the immunochip.

Sapsford et al. (2006) employed the Naval Research Laboratory (NRL)
array biosensor, an indirect competitive immunochip, to detect aflatoxin
B, (AFB,) in corn and nut products. The NeutrAvidin slides patterned with
biotinylated AFB, were designed so that the orientation of the flow channels
of the Poly(dimethyl)siloxane (PDMS) flow cells was perpendicular to
the strips of immobilized biotinylated molecules (Fig. 1.1; Sapsford et al.
2006).

Line Generator

Waveguide
Support

GRIN Lens Array,
Emission Filter

Computer

Figure 1.1. Schematic of the NRL array biosensor used by Sapsford et al. 2006.
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After washing the PDMS channels, spiked food sample, containing
“free” AFB, and the Cy5-labeled monoclonal mouse anti-AFB,, was applied
to each channel. AFB,-spiked foods were extracted with methanol and
Cy5-anti-AFB, then added. The mixture of the extracted sample and Ab
was passed over a waveguide surface patterned with immobilized AFB,.
The resulting fluorescence signal decreased as the concentration of AFB, in
the sample increased. The limit of detection for AFB, in buffer (0.3 ng/mL)
increased to between 1.5and 5.1 ng/g and 0.6 and 1.4 ng/g when measured
in various corn and nut products, respectively.

In a recent work, we explored the feasibility of using immunochips to
detect five different chemicals (Gao et al. 2009) simultaneously. We used
atrazine (Ar), nonylphenol (NP) and 17-beta estradiol (E,), paraverine and
chloramphenicol. Atrazine (Ar), nonylphenol (NP) and 17-beta estradiol
(E,) are endocrine disruptor chemicals (EDCs) which are harmful to human
health and the ecological environment (Cooper et al. 2000; Han et al. 2004;
Spearow et al. 1999). Effects include heteroplasia (Kavlock et al. 1996),
metabolic disorders (Friedmann, 2002), changes in sexual characteristics
(Hayes et al. 2002) and development of some tumors (Choi et al. 2004).
Papaverine (Pap) is an isoquinoline alkaloid, derived from poppies which
can cause addiction and chronic poisoning. Chloramphenicol (CAP) may
cause aplastic anemia.

Different concentrations of Ar, NP, E,, Pap and CAP were used and
standard curves were produced for each of the five chemicals (Fig. 1.2). The
equations for these standard curves are shown in Table 1.1.

3000 -
T I = Ar
2500 i * NP
| . o
> v CAP
‘g 2000 4 & Pap
2
= "
£ 1500 :
3 i
= i
S 1000y i
2 T
— '
L 4
500 R = 3w
— - .
’ .
0 L L] T T
1E-3 0.01 0.1 1
Concentration of analytes(ug/mL)

Figure 1.2. Standard curves of fluorescent intensity produced from immunochip analysis of
five different chemicals (Liu et al. 2009).
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Table 1.1. Equations for standard curves. Comparison of real values and those found by
immunochip detection.

Item Standard curve R’ Real Found (n=3, | RSD(%)
(ng/mL)| x +s, ng/mL)

CAP Year—317.6746-231.6716x 0.9933| 10.00 | 10.39+0.84 3.9

NP Vo—9-15721+1171.6080/ 0.9917| 10.00 9.41+£0.31 5.9
(1+(x/0.00123)-245%)

Pap Voo 49.5254+2557.6292/ 0.9928 | 10.00 | 10.98 +0.53 9.8
(1+(x/0.0183)%4344

E, Ve, =351.0196-236.9911x 0.9914 | 10.00 9.42 +0.40 5.8

Ar v, —131.3843+2873.1845/ 0.9956 | 10.00 | 10.89 +0.66 8.9
(1+(x/0.0549)"-6803)

Our observations demonstrated that simultaneous quantitative
assessment of these five chemicals can be performed by the immunochip.
Fluorescent intensity decreased as concentrations of the added standard
chemicals increased. The detection ranges were 0.001-5 ng/mL with logistic
and linear correlation. The determination coefficients-R* were all greater
than 0.99 implying good correlation between the target chemicals and
the FIs. Concentrations of any of the five chemicals within the detection
range could quantify the standard curves. To simplify the experimental
procedure the concentrations were increased in eight steps. Concentrations
under 0.001 pg/mL and over 5 ng/mL, may deviate from the standard
curve. Due to inter-chip variation and human error, validity, reliability, and
stability are still major problems when immunochip technology is used for
multi-analysis. For this reason, it is necessary to plot standard curves with
simultaneous assessment of real samples when new multi-analyses are
performed with immunochips.

To simplify and accelerate multianalytical procedures, each aldehyde
glass slide was divided into 10 relatively small units. Each small unit was
made up of a 6 x 4 array. From left to right, 3% BSA (negative control), mAbs
of CAP, Pap, E,, NP and Ar were spotted as probes in turn and repeated
four times. The five corresponding Ag conjugates were successively added
homogeneously to each of the 10 units on the slide. After spotting, the slide
was deposited and incubated in an enclosed box for 2 hr at 37°C. The slide
was then washed with PBST and water before being blocked with 2% BSA.
After incubation in an enclosed box for another 2 hr the slide was washed
again with PBST and water. The addition sequences of Ag conjugates are
shown in Fig. 1.3. The slide was then incubated in an enclosed box for
another 2 hr at 37°C for specific Ag-Ab competitive reactions. The GenePix™
4000B scanner and GenePix™ Pro 4.0 software were used to analyze the
results.

The specificity of the immunochip was assessed by expose to a mixture
of Ags. Fig. 1.3A, demonstrates four mAbs of CAP, NP, E, and Ar with
their complementary Ag conjugates spotting on a slide showing strong
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(10)

(B)

Figure 1.3. Multi-analysis of five different chemicals. Abs addition: In one unit, from left to
right: 3% BSA (as the negative control), monoclonal antibodies of CAP, Pap, E,, NP and Ar were
spotted as probes; addition of the 10 units was homogeneous. Antigen conjugates addition: (1)
and (2) units: CAP-BSA-Cy?3; (3) and (4) units: NP-OVA-Cy3; (5) and (6) units: Pap-OVA-Cy3;
(7) and (8) units: E,-OVA-Cy3; (9) and (10) units: Ar-OVA-Cy3. (A) Four mAbs of CAP, NP, E,
and Ar with their complementary Ag conjugates spotting on slide. (B) CAP, NP, E, and Ar with
the same concentration of 0.01pg/mL mixture were added on the chip (Gao et al. 2009).

Color image of this figure appears in the color plate section at the end of the book.
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Fls. After addition of the mixture of Ags including CAP, NP, E, and Ar
at the same concentration (0.01pg/mL), the Fls significantly decreased
(Fig. 1.3B). However, FlIs were not reduced significantly after addition of
erythromycin, gentamicin, BPA, diethylstilbestrol and 17-a-ethinylestradiol
onto the immunochip. This observation suggested that these chemicals did
not significantly cross-react on the immunochip. Phage display technology
and ribosome display technology are other tools for the generation of high-
quality Abs. Antibodies with higher titres and specificity, especially mAb, can
significantly increase the accuracy and sensitivity of the immunochip.

Our observations indicate that immunochips can simultaneously detect
five different chemicals. This offers exciting opportunities for detection of
small molecules in online environmental and food hygiene assessments.
However, the sensitivity is too low to detect traces of chemicals and further
studies are required to determine whether more target chemicals can be
integrated onto a single microchip. Improvements in the production of
immunochip technology and access to high-quality Abs, are important for
the rapid, sensitive, and high-throughput detection of chemicals, toxins
and pollutants in food, water and the environment.

Kloth et al. (2009) developed a regenerable (i.e. reusable) immunochip
for the rapid determination of 13 different antibiotics in raw milk. The
newly developed hapten microarrays which use an indirect competitive
chemiluminescence microarray immunoassay (CL-MIA) are designed to
analyze 13 different antibiotics in milk within 6 min. Antigen immobilization
was performed by the contact spotter system BioOdyssey Calligrapher
miniarrayer (Bio-Rad, Miinchen, Germany) using a TeleChem Stealth
SNS 9 microspotting solid pin. Printing conditions were set via the Bio-
Rad Calligrapher Software. The relative humidity was 35% and the air
temperature inside the spotting chamber was 21°C. Two 15 x 5 clusters were
set on one microarray (grid spacing 1100 mm; cluster distance 11.75 mm).

To regenerate the immunchip for reuse the high affinity Abs that
bound Ag must be removed from the chip surface. This was based on
epoxy-activated PEG chip surfaces, onto which microspotted antibiotic
derivatives like sulfonamides, f-lactams, aminoglycosides, fluorquinolones
and polyketides are coupled directly without further use of linking agents.
Using the chip reader platform MCR 3, this Ag solid phase is stable for
at least 50 consecutive analyses. Fig. 1.4A shows the scheme of the direct
covalent coupling of different types of antibiotics and the assessment of
samples of milk.

Figure 1.4B shows the two different CCD exposures of microarrays
detecting 13 different antibiotics and the reference substance DNT with
five replicates in each row. Normal milk and a sample of milk containing
cloxacillin which tested positive were measured on the same biochip after
one regeneration cycle. The concentration of cloxacillin was high enough

© 2012 by Taylor & Francis Group, LLC



12  Biosensors and Environmental Health

n ol ELadid

A ot i inoglycoside P-lactam

antibiotics

epoxy-PEG
DAPEG

glass substrate

DNT

SMA

SDA
streptomycin
cloxacillin
ampicillin
penicillin G
cephapirin
neomycin B
gentamicin
erythromycin A
tylosin
enrofloxacin
tetracycline

£

—— raw milk

= blank milk

:
CL signal Ja.u]
]

15000 = 15004 -

10000 10000 -

¢ "“}iﬁ}f SELI LS ey %%%i‘&?%m&?;if
$§£9 fg‘&f@s&& cée‘é ¢(§?‘Q“"é~0¢e‘° & &

& €
Figure 1.4. Direct covalent coupling of different antibiotics without further use of linking
agents and the assessment of samples of milk. (A) Direct covalent coupling of different types
of antibiotics without use of linking agents; (B) Measurements of milk samples: CCD exposures
of blank milk without any added antibiotics (left) and of a raw milk sample contaminated
with cloxacillin (right); (C) CL signal variation profiles of both analyses: blank milk (black)
and raw milk (gray) (Kloth et al. 2009).
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to reduce the signal intensity to background level. The signal intensities of
all other analytes were reproducible (Fig. 1.4B; average CL signal deviation:
5.3%). The concentration of cloxacillin in this sample was estimated to be
about 370 mg/L which is significantly greater than the MRL (30 mg/L).
This is similar to the semi-quantitative result obtained by a microbial
inhibitor test (cloxacillin: >220 mg/L). With this test, Kloth et al. 2009 also
found all samples of milk containing one analyte and an inhibitor could be
identified and quantified by the MCR 3. Similar residue levels were found
in contaminated samples analyzed with both methods. Furthermore, milk
samples which tested negative were identified correctly. The new microarray
system offers a means for rapid, routine, identification and quantification
of antibiotics in milk and will therefore aid the food industry to maintain
quality and safety levels.

LAB-ON-CHIP FOR PERSONAL TOXICITY TESTING

The micrototal analysis system (j1-TAS) or “lab-on-a-chip” has been popular
since it was introduced around 10 yr ago (Lee and Lee 2004). The ability to
tailor-make an integrated system for a specificimmunoassay is very useful.
The lab-on-a-chip integrates several laboratory processes including all
preparation procedures, incubation, detection and analysis on a single chip.
It eliminates the need for several different pieces of laboratory equipment
to prepare and perform a single assay. Technology from semi-conductor
industries was adapted to design and fabricate a myriad of interconnecting
micro-sized channels, chambers and reactors, required to produce the
micrototal analysis system (Lim and Zhang 2007). Like microfluidic circuits,
the micrototal analysis system offers the possibility of developing small,
easy-to-use, fully integrated, automated devices for analysis of chemicals.
The lab-on-a-chip should include fluidic systems, like channels, pumps, and
valves, able to perform tasks of separation, transfer of liquids, purification,
amplification etc., as well as bioarrays and the array-readers.

Lab-on-chip technology greatly exceeds the ability of conventional
bioanalytical techniques to detection of environmental toxins. Other
advantages include automated analysis, miniaturization, multiplex analysis,
use of minute samples, reduced reagent consumption. However, perhaps
most importantly, lab-on-chip technology facilitates integration of systems
which share characteristics in respect to their production, bio-recognition
interfaces, and signal enhancement and transition processes.

One approach to the production of a whole-cell lab-on-chip integrated
system was described by Rabner et al. 2006. This disposable plastic biochip
is prepared with a 4 x 4 micro-lab (mLab) chamber array of bioluminescent
E. colireporter cells that responds to a predetermined class of chemical agents
and microfluidic channels for liquids translocation. The device includes
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electro-optics for signal acquisition with motorized read out calibration
accessories, hydropneumatic modules for water sample translocation into
biochip mLabs and electronics for control and communication with the host
computer. This prototype is sensitive to broad classes of water-borne toxins
including naladixic acid (a model genotoxic agent), botulinum toxin, and
acetylcholine esterase inhibitors.

Many immunochips incorporate nanotechnology. This does not mean
that the devices are manufactured on nanoscale dimensions, but refers to the
use of, for example, molecular monolayers of a material inside the structure,
or the immobilization of individual molecules (proteins, DNA) inside the
channels. However, some microfabricated fluidic devices are smaller than
1um, for example, the carbon nanotube shown in Fig. 1.5.

P=55Tor
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Vapor
f
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Figure 1.5. Sequence of environmental scanning electron microscopy (ESEM) images. These
were obtained when partial pressure of water in the ESEM chamber was gradually raised in a
controlled manner, while observing a single open carbon nanotube filled with water (A-C). Note
the liquid-volume recovery during subsequent pressure decrease (C-D) (Rabner et al. 2006).

SUSPENSION ARRAY FOR PERSONAL TOXICITY
TESTING

We assessed the ability of suspension array technology to simultaneously
assess three different veterinary drugs, chloramphenicol (CAP), clenbuterol
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(CL) and 17-beta-estradiol (E,) (Liu et al. 2009). The high-throughput
suspension array is a novel method for multi-analysis of veterinary drugs.
It is easy to use, inexpensive and very sensitive. Three different conjugate-
coupled beads were mixed in the same proportions. The optimized mAbs
were then added into the 96-well plate. Meanwhile, CAP, CL and E, were
diluted into eight concentration gradients as 5x, 5x and 2x, respectively.
Mixed 6000 beads were added to each well and the concentrations of CAP,
CL and E, were adjusted to 0, 50, 250, 1250, 6250, 31250, 156250, 781250 ng
L™; 0, 56, 280, 1400, 7000, 35000, 175000, 875000 ng L and 0, 1, 3, 9, 27,
81, 243, 729 ng L, respectively in the total volume of 50 puL per well in a
plate. The plate was then spun for 1 hr at medium speed at 37°C for Ag-Ab
competitive reaction. Then, SA-PE was added and the plate was spun for
15 min at medium speed at 37°C. 100 microspheres were read out well by
well by Bio-Plex™ suspension array to obtain the MFls. Based on the MFIs
for each target, standard curves could be plotted.

There are negative logistic correlations between MFIs and the
concentrations of the veterinary drugs, and all determination coefficients-
R? were greater than 0.989 implying good correlation. The detection ranges
are 40-6.25 x 10° ng L™, 50-7.81 x 10° ng L' and 1 x 10°-7.29 x 10° ng L™
for CAP, CL and E,, respectively (Fig. 1.6).

Within these ranges, any concentration of the three veterinary drugs can
be quantified using the standard curves. The sensitivity means the minimum
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Figure 1.6. Standard curves produced by simultaneous detection of three veterinary drugs
by suspension array technology (Liu et al. 2009).
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detectable concentrations (Min DC) in suspension array detection, and MFls
of the blank controls or background for the three veterinary drugs are very
close to that of the Min DC. On statistical analysis (Table 1.2) there were
no significant differences between the MFIs of the blank controls and the
groups of the Min DC. Consequently, the Min DC are the lowest detection
limits (LDLs) for CAP, CL and E,, i.e. 40, 50 and 1000 ng L.

Table 1.3 shows that the resulting MFIs had no significant differences
from blank control groups after addition of different concentrations of
salbutamol, ractopamine, gentamicin, erythromycin or 17-alpha-estradiol,
P >0.05 indicating no significant alteration by or cross-reaction with other
chemicals. Salbutamol, ractopamine and 17-alpha-estradiol are structural
analogues of CL and E,. The specificity of the suspension array is dependent
on the specificity of the mAbs.

As competitive ELISA is an established and widely used method of
quantifying small molecules, it was employed to assess real samples to
confirm the feasibility in comparison with suspension array technology.
The results from the two methods are shown in Table 1.3 and the relative
standard deviations (RSDs) were between 8.09-17.03% and 9.19-17.74%
from the real values. These are relatively small detection ranges. However,

Table 1.2 Standard curves for CAP, CL and E, detection and MFI for blank control and Min
DC.

Item [Standard curve R? MFI (X +s,n=3)
Blank Control MinDC

CAP|Y,,=250.323 + 4103.517/ 0.994 | 2247.167 = 90.423* |2071.667 + 85.0431
[1+(x/30121.243)05%]

CL [Y. =-263012.682 + 265751.765/ 0.989 [4516.833 + 177.340°| 4195.833+185.581
[1+ (x/6.063)"]

E, YE2:8.368 +5651.421/ 0.995 [5249.000 + 201.765¢| 5110.833 + 134.612
[1+(x/16409.422)°5]

Compared with blank control, a, b and ¢ in CAP, CL and E, group respectively: P > 0.05

Table 1.3 MFIs for different groups of chemicals.

MEFI (¥ + s, n=3)
item C(Zr‘l’;‘f_ﬁ‘)tranon ?;ﬁ;klcomrol) 50 ng L 1250ng L' [B1.25 ug L
Salbutamol 1750.17 +92.59° [1691.82 + 25,59 [1727.20 + 42.06 [1529.48 +7.26
Ractopamine 1750.17 £ 92.59° [1749.90 + 51.65 [1618.16 + 7621 [1609.67 + 6194
Gentamicin 3662.58 + 75.47° [3719.23 + 74.68 [3849.20 + 56.60 [3970.16 + 82.41
Erythromycin 3662.58 = 75.47° 3527.83 + 5253 [3673.25 + 63.37 [3485.62 = 47.75
17 a-estradiol 5520.50 + 127.08° [5460.80 + 118.955510.83 = 339.50[5497.94 = 219.81

Compared with 0 ng L group (Negative control), a, b and c: P > 0.05.
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the detection ranges of the suspension array are broader and more sensitive
than ELISA, especially for the detection of the three veterinary drugs.
Moreover, as multiplex analysis is possible with the suspension array;, it
will be a very useful application.

As a booming technology, suspension array has revealed great
developing prospects and potentials not only for the research and detection
of macromolecules (protein and nucleic acid) detection, but also for
providing a novel pathway for analysis and assessment of small molecules
such as pesticides, veterinary drugs and toxins. With the increasing
availability of commercial kits multiplex analysis of these small molecules
by suspension array could be applied extensively.

SUMMARY POINTS

e Immunochips provide large amount of information with rapid,
timely, simple, low cost, wide range of usage and advantages of
automatization.

e High-quality Ab with good bioactivity and specificity is the key
reagent in the production of immunochips.

* Suspension array has great potential for use in personal toxicity
testing not only for the research and detection of macromolecules
(protein and nucleic acid), but also for providing a novel method
of analysis and assessment of small molecules such as pesticides,
veterinary drugs and toxins.

e Allforms of immunochips are difficult to use for field detection and
require further development and improvement.

¢ The online environmental and health inspection by suspension array
for a large numbers of chemicals, pollutants and toxins requires
further investigation and development.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the financial support of the
National Science and Technology Supporting Program of China (No.
2009BADB9B03-Z05), National High Technology R&D Program of China
(No. 2010AA06Z302) and National Nature Science Foundation of China
(No. 81030052, 30771810 and 30800915).

ABBREVIATIONS
AFB, : aflatoxin B,
Ags : antigens
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Abs : antibodies

Ar : atrazine

CAP : chloramphenicol

CL-MIA : competitive chemiluminescence microarray
immunoassay

E, : 17-beta estradiol

EDC : endocrine disruptor chemical

ELISA : enzyme-linked immunoadsorbent assay

FI : fluorescent intensity

LC-MS : liquid chromatographic method with mass
spectrometry

LDLs : lowest detection limits

MFI : median fluorescent intensity

Min DC : minimum detectable concentrations

MW : molecular weight

mAbs : monoclonal antibodies

GalNAc : N-acetyl galactosamine

NeubAc : N-acetyl neuraminic acid

NP : nonylphenol

Pap : papaverine

PDMS : Poly (dimethyl) siloxane

PBS : phosphate-buffered saline

RSDs : relative standard deviation

RT : room temperature

SEM : scanning electron microscopy

SEB : staphylococcal enterotoxin B

SNR : signal-to-noise ratio

SA-PE : streptavidin-R-phycoerythrin
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Detection of Pesticide
Residues Using Biosensors

Javier Ramén-Azcén,'® Tomoyuki Yasukawa'!® and
Fumio Mizutani'®

ABSTRACT

Pesticides are substances used in food production in order to minimize
or prevent damage caused by pests. Thus, unlike other groups of
chemicals, pesticides are intentionally released into the environment,
and there is a high risk of these chemicals appearing in the food chain.
Unfortunately, the exponential increase in the demand for food in
the world today makes it impossible to eliminate them from food
production. Therefore, consumers and governments consider pesticide
regulation and control a very relevant issue for the economy as well
as human health. Often expensive and instrumental single-analyte
methods are applied by regulatory and industrial laboratories. There
is an urgent need for validated screening tools that are not only simple,
inexpensive, and rapid but also show multiplex capabilities by detecting
simultaneously as many contaminants as possible. In recent years,
many efforts have been made to develop new analytical techniques
integrating biorecognition elements and detection components in order
to obtain small devices with the ability to carry out direct, selective, and
continuous measures for one or several analytes present in samples. In
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22 Biosensors and Environmental Health

this context, biosensors can fulfill these requirements. Biosensors offer
a good alternative to conventional methodologies in pesticide analysis
due to their high sensitivity and selectivity.

INTRODUCTION

Today, environmental contamination is a problem recognized worldwide. A
significant portion of environmental pollution is caused by the application
of pesticides in agriculture, horticulture, and forestry. Pesticide is a term
used in a broad sense for a chemical, synthetic or natural, which is used
for the control of insects, fungi, bacteria, weeds, nematodes, rodents, and
other pests. A large number of these compounds and/or their degradation
products are highly toxic, and they have negative effects not only on the
ecosystem but also on human health. Surveillance of the environment and
food for pesticide residues has become essential in recent years for the
prevention of risks to the population. It is necessary to control the presence
of pesticides in the environment and at the same time to assess the risk to
human health due to the presence of these chemicals in workplaces and in
food in order to prevent adverse effects.

To control environmental contamination and to protect the population
from it, governmental agencies have established several directives. In 1976,
European Union (EU) set a “black list” of 132 dangerous substances (based
on their toxicity, stability, and bioaccumulation) that should be monitored
in water (Directive 76/464/CE). With the aim to protect the health of the
general population, the EU has established a value of 0.1 ng/L as the
maximum individual concentration and 0.5 pg/L as the total concentration
of pesticides and related products in drinking water (Directive 80/778/
CEE). In the United States of America (USA), the Environmental Protection
Agency (EPA) has established a maximum level for each pesticide or
its transformation products according to their toxicity. Similarly, for the
protection of the public against the toxic effects of pesticides, regulatory
agencies in many countries have established standards specifying the
residue levels of each pesticide in various foodstuffs. Thus, the World
Health Organization (WHO) has evaluated and reviewed the acceptable
daily intakes (ADI) of pesticides (Lu 1995). An example of the degree
of exposure to the European population suffers from pollution is reflected
in the detection of more than 41 toxic chemicals in the blood tests to 39
Member of the European Parliament (MEP) in 2004.

Control of the environment and food must be assessed by reliable,
fast, and sensitive analytical techniques. Chromatographical systems are
conventional analytical techniques characterized by high precision and
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sensitivity. Nevertheless, these sophisticated techniques need experienced
personnel and costly instruments and are not easily adoptable for field
analysis. For all these reasons, there is considerable delay between sample
collection and data display, thus resulting in loss of money for the food
industry and a possible risk to the population. A simple and advantageous
alternative is the use of biosensors.

In the early 1950s, potentiometric detection was adopted for pesticide
detection, and in the middle of the 1980s, it was used for the construction
of the first integrated biosensor for the detection of pesticides based
on inhibition of acetylcholinesterase (AChE). In the following decades,
important advances have been achieved in the field of biosensors with new
elements of recognition and new systems of transduction. The advances in
nanotechnology and microelectronics in recent years have been particularly
important for this field. However, the commercialization of biosensor
technology in the environmental and food industries has significantly
lagged behind the research output. In clinical diagnostics, commercial
biosensors are well established, and an important number of companies
produce them. It is not easy to explain the slow transfer of technology within
research and industry, but it could be attributed to cost considerations
and some key technical barriers such as stability, detection sensitivity,
and reliability. Furthermore, the level of acceptation for governmental
agencies of standard analytical techniques is low because of the lack of well-
established methodologies of validation. Table 2.1 lists EPA requirements
for biosensors that may be used in field assay applications (Rogers and
Lin 1992). Medical applications overshadow the other applications, but
there are some companies that work in environmental and food control.
Table 2.2 summarizes companies with biosensors specially designed for
the environmental or agro-alimentary industries.

Table 2.1. General requirements for biosensors in environmental field applications.

Requirement Specific range

Cost US$1-15 per analysis

Portable Can be carried by one person; no external power requirements

Fieldable Easily transported in a van or truck; limited external power required

Assay time 1-60 min

Personnel training |Can be operated by minimally trained personnel after 1-2 hr training
period

Matrix Minimal preparation for ground water, soil extract, blood, urine, or
saliva

Sensitivity Parts per million/parts per billion

Dynamic range  |At least two orders of magnitude

Specificity Enzymes/receptors: specific to one or more groups of related
compounds
Ab: specific to one compound or one group of closely related
compounds

Adapted from Rogers and Lin (Rogers and Lin 1992) with permission from Elsevier.
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Table 2.2. List of companies commercializing biosensors for the agricultural and food
industries.

Company name Country |URL address Biosensor name
Abtech Scientific USA www.abtechsci.com ToxSen™
Affinity Sensors United [www.affinity-sensors.com IASys plus™ e IASys,

Kingdom Auto+Advantage™
Ambri Limited Australia |www.ambri.com AMBRI Biosensor
Applied USA  (www.appliedbiosystems.com 8500 Affinity Chip
Biosystems Analyzer
Biacore AB Sweden |www.biacore.com Biacore®Q
BioFutura Srl Italy www.biofutura.com PerBacco 2000 y 2002
Biomerieux France |www.biomerieux.com Vitek™

Bactometer™
Biosensor Systems USA  |www.biosd.com OptiSense Technology™
Desing
Biosensores S.L. Spain  [www.biosensores.com Politox
Biotrace USA www.biotrace.com Uni-lite® Bev-Trace™
Chemel AB Sweden |www.chemel.com SIRE®
Innovative USA www.innovativebiosensors.com [CANARY™
Biosensors, Inc
Molecular Devices |Switzerland [www.moleculardevices.com Threshold® System
MicrooVacuum Hungary |[www.microvacuum.com OWLS 210
Nippon Laser Japan  [www.nle-lab.co.jp SPR-670M, SPR-
Electronics MACSNANOSENSOR
Reichert Analytical USA  |www.reichertai.com Reichert SR 7000™
Instruments
Research USA www.resrchintl.com Analyte 2000™ FAST
International 6000™ Raptor™
Texas Instruments USA  |[www.ti.com Spreeta™
Inc.
Universal Sensors USA intel.ucc.ie/sensors/universal |ABD 3000 Biosensor
Assay System

Yellow Springs USA  |www.ysi.com 'YSI 2700 SELECT™
Instruments Co Biochemical Analyzer
Unpublished table.

PESTICIDES BIOSENSOR CLASSIFICATION

Biosensors can be classified according to the type of recognition element
(catalytic or affinity-based biosensor) used or the transduction system
(optical, electrochemical, piezoelectric and nanomechanical) (see
Fig.2.2).

Catalytic Biosensors: Enzymatic Biosensors

Enzymatic biosensors for the detection of pesticides in food and
environmental samples have been extensively described in several reviews
(Cock et al. 2009; Manco et al. 2009). Enzymatic biosensors, which are based
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on the use of enzymes, use either of the two principles: enzyme inhibition
or hydrolysis of the pesticide.

Interface
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Figure 2.1. Biosensors classification. Classification of the biosensors depends on the bioactive
element of recognition or the transduction system. The immobilization of the biological element
onto a transducer is a key step in optimizing the analytical performance of a biosensor in terms
of response, sensitivity, stability, and reusability. The immobilization strategies most generally
employed are physical or chemical methods. Figure unpublished.
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Figure 2.2. Enzymatic formation of thiocholine and transduction systems. Unpublished
scheme.

Enzyme inhibition-based biosensors

In the case of inhibition, enzymes used for the detection of pesticides are
inhibited by the pesticide, and the extent of inhibition is correlated to
the concentration of the analyte. Other enzymatic methods such as the
organophosphorus hydrolase assay use the analyte as a substrate, thus
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giving the result that a positive signal is generated through the production
of hydrolysis products rather than merely the inhibition of the enzyme.
Although the most widely used transduction system by enzymatic
biosensors has mainly been electrochemical, it is possible to find some
examples of enzymatic biosensors using piezoelectric transduction (Abad
et al. 1998) or optical transduction (Vamvakaki and Chaniotakis 2007).

Inhibition-based methods have some disadvantages and can be prone
to false positives because handling and storage can cause the loss of
enzyme activity (Shimomura et al. 2009). Furthermore, many pesticides
irreversibly inhibit enzymes, and therefore regeneration of the sensor is
required after each sample; this further extends the testing time. Finally,
the main problem found in the use of enzymatic biosensors is the lack of
specificity and selectivity in the detection of pesticides (Luque de Castro
and Herrera 2003). Despite these drawbacks enzyme-based biosensors are
effective tools that can be used in general screening methods and further
investigation in chemometrics has been conducted for the differentiation
of mixtures of pesticides (Ni et al. 2004).

Most pesticide biosensors are designed based on the inhibitory property
of enzymes. AChE and butyrylcholinesterase (BChE) are widely used in
the development of pesticide biosensors. Inhibition leads to a decrease in
activity, which is indirectly proportional to the amount of inhibitors or
pesticides in the sample. The other often-employed enzymes in pesticide
biosensors are acetolactate synthase, acid phosphatase, alkaline phosphatase
(AP), and tyrosinase. Pesticides can also inhibit the activity of luciferase,
which is a major enzyme in bioluminescence reactions. By employing
fireflies, luciferase pesticide concentrations have been determined on the
basis of the fact that the pesticide concentration is indirectly proportional
to the bioluminescence (Trajkovska et al. 2005).

Organophosphorus pesticides (OPP) and carbamate pesticides are
potent inhibitors of the enzyme cholinesterase. The thiocholine produced
during the catalytic reaction can be monitored using spectrometric,
amperometric (see Fig. 2.2), or potentiometric methods, but as it has been
previously stated, electrochemical methods are more common. As an
example of the applications, Arduini et al. (Arduini et al. 2006) analyzed
different pesticides with AChE and BChE enzymes. AChE-based biosensors
have higher sensitivities toward aldicarb (50% inhibition with 50 pg/L)
and carbaryl (50% inhibition with 85 pg/L) while BChE biosensors have
higher affinities for diethyl-p-nitrophenyl phosphate (50% inhibition with
4 pg/L) and chlorpyrifos-methyl oxon (50% inhibition with 1 pg/L). The
limits of detection (LOD) were 12 and 25 ppb (ug/L) for aldicarb and
carbaryl, respectively, using the AChE enzyme and 2 and 0.5 ppb (pg/L)
for paraoxon and chlorpyrifos-methyl oxon, respectively. BChE and AChE
biosensors were then tested using both wastewater and river water samples,
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and no inhibition of the signals was observed, thus obtaining good recovery
percentages with spiked samples.

Catalysis-based biosensors

Inhibition-based biosensors are poor in selectivity and are rather slow
and tedious since the analysis involves multiple reaction steps such as
measurement of initial enzyme activity, incubation with an inhibitor,
measurement of residual activity, and regeneration and washing. Biosensors
based on direct pesticide hydrolysis are more straightforward. The enzyme
organophosphorus hydrolase (OPH) hydrolyzes esters in a number of OPP
and insecticides (e.g. paraoxon, parathion, coumaphos, diazinon) (Jeffrey
etal. 1987). According to one example found in the literature, Mulchandani
et al. (Mulchandani et al. 1999) purified OPH from recombinant E. coli and
immobilized it on a pH electrode to develop a potentiometric biosensor
by catalyzing the hydrolysis of OPP (parathion, paraoxon, and methyl
parathion) to release protons, the concentrations of which were proportional
to the amounts of hydrolyzed substrates.

Affinity Based Biosensors: Imnmunosensors for Pesticides

Immunosensors are based on the immunological reaction derived from the
binding of the antibody (Ab) to the corresponding antigen (Ag). This reaction
is reversible and is stabilized by electrostatic forces, hydrogen bonds, and
Vander Waals interactions. The formed complex has an affinity constant
(k) that can achieve values on the order of 10 M™'. In immunosensors
procedures the quantification of pesticides molecules is performed under
competitive conditions. The general strategy of competitive assays is based
on the competition between the free Ag (analyte) and a fixed amount of
labeled Ag for a limited amount (low concentration) of Ab. At the end
of the reaction the amount of labeled Ag and subsequently the free Ag
is determined. The labels used to quantify the immunoreaction can be
of a different nature. A wide variety of antibody biosensors reported for
different pesticides in food and environmental applications exists and are
summarized and discussed in several reviews (Gonzalez-Martinez et al.
2007; Bojorge Ramirez et al. 2009).

Electrochemical immunosensors
Because of its simplicity, electrochemical transduction is the oldest and

most common method used in biosensors (for recent review see (Rivas et
al. 2007)). Researchers can determine the level of pesticides by measuring
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the change in potential, current, conductance, or impedance caused by the
immunoreaction.

Amperometric biosensors are based on the measurement of the
current generated by oxidation/reduction of redox species at the electrode
surface, which is maintained at an appropriate electric potential. The
current observed has a linear relationship with the concentration of the
electroactive species. For the simultaneous analysis of several samples
using only one device, Skladal and Kalab (Skladal and Kalab 1995)
developed a multichannel immunosensor. The 2,4-D molecule conjugated
to horseradish peroxidase was used as a tracer, which was determined
amperometrically using hydrogen peroxide and hydroquinone as substrates.
2,4-Dichlorophenoxyacetic acid (2,4-D) is widely used in amounts of 10° tons
per year as a herbicide for the control of broadleaf weeds. “Agent Orange,”
which was used extensively during the Vietham war for defoliation, is
composed of a 50:50 mixture of n-butyl esters of 2,4-dichlorophenoxyacetic
acid (2,4-D) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) and can still be
detected in human tissues, soil as well as in the biosphere of Vietnam. A
similar immunosensor coupled with an enzyme-linked immunosorbent
assay (ELISA) microtiter plate has been also reported (Deng and Yang
2007), and a detection limit of 0.072 ng/L was achieved. The advantages
of the presented electrochemical detector were high stability and sample
throughput, a low detection limit, the ability to be repeatedly used without
the need for regeneration.

Recently, several papers have been published combining microparticles
with electrochemical amperometric detection. The use of microbeads greatly
improves the performance of the immunological reaction, minimizing the
matrix effect due to improved washing and separation steps. This strategy
has been used for the detection of atrazine herbicide in orange juice (Zacco
et al. 2006). The Ab is immobilized on the surface of magnetic beads. The
immunological reaction for the detection of atrazine is based on a direct
competitive assay using a peroxidise tracer as the enzymatic label (see Fig.
2.3). The LOD obtained in orange juices was 0.025 ug/L, which is below the
maximum residue level (MRL) established by actual European legislation
(0.1 pg/L) in oranges. Furthermore, in the case of orange juice, preliminary
experiments performed with the magneto-ELISA demonstrated that
nonspecific interferences from a matrix can be easily eliminated by a very
simple sample pre-treatment, which consists of simply adjusting the pH
to 7.5 (the original pH of the sample was 3.5), filtering the sample through
a 0.2 um filter, and diluting the filtrate five times with buffer.

Electrochemical impedance spectroscopy (EIS) is being rapidly
developed because of the possibility to directly record information on
biorecognition events occurring at the electrode surfaces and inducing
capacitance and resistance changes (Katz and Willner 2003), allowing
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Figure 2.3. Schematic representation of the electrochemical magnetoimmunosensing strategy
for the detection of atrazine. (A) Preparation of the magneto graphite-epoxy composite (m-GEC)
electrode. (B) After the immunoreaction, the antibody (Ab) modified magnetic beads were
captured for the m-GEC electrode. (C) Chemical reactions occurring at the m-GEC surface
polarized at —0.150 V (vs Ag/AgCl) upon the addition of H,O, in the presence of a mediator
(hydroquinone). (D) Scanning electron microphotographs of carboxylated magnetic particles
(MP-COOH) (A, B) on the surface of sensors taken at 0.5 and 2 pm of resolution, respectively
and tosylated magnetic beads (MB-tosyl) (C, D) taken at 2 and 10 um of resolution, respectively.
An identical acceleration voltage (15 kV) was used in all cases. This figure is from Zacco et al.
(Zacco et al. 2006) with permission from ACS.

the development of label-free biosensing devices. EIS in connection with
immunochemical methods was tested for the direct determination of
the herbicide 2,4-D (Navratilova and Skladal 2004). The changes in the
impedance parameters (¢ and Z_. ) due to immunocomplex formation,
which served as a parameter characterizing changes on the sensing surfaces,
were evaluated. It was possible to measure the response to 2,4-D in a
concentration range from 45 nM to 450 uM. In this context, interdigitated
microelectrodes (IDpE) have recently received enormous attention because
their sensitivity is higher than that of conventional electrodes (Berggren
et al. 2001; Navratilova and Skladal 2004). Using thin Au/Cr (~200-nm
thickness) IDnEs (3.85-um thick and with electrode gaps of 6.8 ym) on a
Pyrex 7740 glass substrate, researchers have recently reported the detection
of atrazine without the use of any label with a limit of detection of 0.04 ng /L
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(Ramoén-Azcén et al. 2008) (see Fig. 2.4). The sensor has been evaluated
to assess its potential to analyze pesticide residues in a complex sample
matrix, such as red wine. An atrazine hapten-bovine serum albumin (BSA)
conjugate was covalently immobilized within the microelectrodes on the
glass substrate.
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Figure 2.4. Scheme showing steps used to prepare the immunosensor surfaces and
antibody (Ab) binding. Nyquist plots of impedance corresponding to (A) ID m E; (B) Step
I: N-acetylcysteamine, gold protection; (C) Step II: functionalization of the Pyrex substrate
with (3-glycidoxypropyl)trimethoxysilane; (D) Step III: coating atrazine hapten-bovine
serum albumin (BSA) conjugate, covalent immobilization (1 pg/mL); and (E) Step IV: specific
Ab produced versus atrazine herbicide, incubation step (1 png/mL). Symbols represent the
experimental data. Solid curves represent the computer fitting data with the parameters
calculated by the commercially available software Zplot/Zview (Scibner Associates). Parts of
this figure are reprinted from Ramén-Azcén et al. (Ramén-Azcdn et al. 2008) with permission
from Elsevier.

Optical biosensors

Optical transducers are based on various technologies involving optical
phenomena, which are the result of an interaction between the analyte and
receptor. This group may be further subdivided according to the optical
properties applied in sensing (i.e. absorbance, reflectance, luminescence,
fluorescence, refractive index and SPR, and light scattering).
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An evanescent wave (EW) is a near field standing wave with an
intensity that decays exponentially with increase in distance from the
boundary at which the wave was formed. When biomolecules are located
in the evanescent field, they absorb energy, leading to attenuation in the
reflected guide of the waveguide. In attempts to improve detectability, many
researchers reported that immunosensors combine this principle with the
use of labeled molecules that are able to re-emit the absorbed evanescent
photons at alonger wavelength as fluorescence. This phenomenon is known
as total internal reflection fluorescence (TIRF). As an example, a TIRF
immunosensor was shown to allow the detection of a multitude of analytes
in one single test cycle (Klotz et al. 1998). Calibration curves obtained for
2,4-D and simazine had detection limits of 0.035 and 0.026 pg /L respectively.
One limiting factor on the ability to simultaneously perform more than one
assay on the same transducer was the availability of low cross-reactant
Ab combined with a high affinity between the antibody and the analyte.
Similarly, the River Analyzer (RIANA) is also a highly sensitive, fully
automated biosensor able to rapidly and simultaneously detect multiple
organic targets (Mallat et al. 2001; Rodriguez-Mozaz et al. 2006). Thus, this
system was used to measure two herbicides, atrazine and isoproturon,
in raw river water and in water obtained after each treatment step in
the waterworks. The analysis of these compounds could be performed
in one unique run and in a very short period (one measurement cycle,
including the regeneration step, took 15 min), and the LOD reached the
legislation requirements (0.1 ug/L, as set in the EU drinking water directive
2000/60/EC as the maximum admissible concentration for individual
pesticides). The performance of the immunosensor method developed
was evaluated against a method based on solid phase extraction, followed
by liquid chromatography-mass spectrometry (LC-MS). In conclusion, the
chromatographic method was superior in terms of linearity, sensitivity,
and accuracy, and the biosensor method in terms of repeatability, speed,
cost, and automation.

Other EW immunosensor approaches such as grafting couplers (Grego
etal. 2008) and Mach—Zehnder Interferometers (MZI) (Prieto et al. 2003) have
been investigated in order to obtain possible measurements of pesticides
without the use of fluorescent labels. An optical waveguide lightmode
spectroscopy (OWLS)-based biosensor is a recently developed device in
the field of integrated optics, and exploits the science of light guided in
structures that are smaller than the wavelength of light. This technique can
be applied for the detection of the herbicide trifluralin (Székacs et al. 2003).
Within the immobilized Ab-based immunosensors, this method allowed
the detection of trifluralin only above 100 pg/L due to the small molecular
size of Ag, while the immobilized Ag-based OWLS system allowed the
detection of trifluralin in the concentration range of 2 x 107 to 3 x 107
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pg/L. Trifluralin concentrations detected by the indirect OWLS sensor were
correlated with those detected by ELISA and gas chromatography-mass
spectrometry (GC-MS) methods. On an MZI, the propagating light is split
into two arms, one with the appropriate sensing layer and the other acting
as a reference. Schipper et al. (Schipper et al. 1997) discussed the feasibility
of an evanescent wave interferometer immunosensor for pesticide detection.
The interferometer immunosensor demonstrated a high resolution
(2 x 10 nm). An increase in both the receptor layer binding capacity and
net response rate should result in the required increase in the sensitivity of
the MZI, making the direct detection of pesticides feasible.

Fluorescent techniques have also been combined with nano/
microparticles with magnetic properties to be manipulated by magneto
forces. Microparticles can also be manipulated in a flowing stream by
dielectrophoresis (DEP) (Yasukawa et al. 2007). In this context, several
publications have been presented to detect pesticides in a faster and
easier manner. In a first approach (Ramoén-Azcén et al. 2009), polystyrene
microparticles (6-pm diameters) modified with bovine serum albumin
conjugated with atrazine (atrazine-BSA) were manipulated and captured
by DEP forces using three dimensional microelectrodes. The performance of
this n-DEP immunosensing technique was evaluated using wine samples.
The immunodevice showed a limit of detection of 0.11 pg/L for atrazine
in buffer samples and 6.8 ng /L in pretreated wine samples; these detection
limits are less than the MRL established by the European Community
for residues of this herbicide in wine (50 pg/L). Subsequent works have
improved the immunosystem, allowing the simultaneous measurement
of two pesticides (Ramén-Azcon et al. 2010). Simultaneous detection of
atrazine and bromopropylate was investigated using a DEP device with
two channels. Since the formation of the immunocomplexes was accelerated
significantly by n-DEP, a period as short as 5 min was sufficient to detect the
atrazine in orange juice. The LOD in orange juice prepared by four times
dilution with PBS were 4.0 and 1.5 pg/L for atrazine and bromopropylate,
respectively. Finally, to improve the sensitivity, as described (Ramoén-
Azcén et al. 2011) a combination of immunological recognition events,
based on the particle surface, and complementary recognition events of
single-stranded deoxyribonucleic acid (ssDNA) oligomers between the
channels and particles. As can be seen in Fig. 2.5, microparticles were
functionalized with two specific oligomers and two pesticides Ag. These
particles were incubated together with their characteristic antibody and
pesticide and introduced in the channels in which specific double strand
capture occurs.

Plasmon resonance is an evanescent electromagnetic field generated
at the surface of a metal conductor (usually Ag or Au) when excited by
the impact of light of an appropriate wavelength at a particular angle (a).
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Figure 2.5. The principle of measurement for a multi-analyte system. In this device, two different
sets of microparticles: one modified with atrazine-conjugated bovine serum albumin and single-
stranded deoxyribonucleicacid 1, (ssDNA-1 ) and the other with bromopropylate-conjugated
aminodextran and ssDNA-2up were used. The microparticles were incubated in a mixture of
analyte-specific antibody (Ab) and analyte at different concentrations to trap the unreacted
Ab prior to being labeled with Ab conjugated with a fluorescence molecule. A suspension
containing both types of microparticles was introduced into a negative dielectrophoretic
(n-DEP) device consisting of an interdigitated microarray (IDA) electrode and two channels
modified with ssDNA-1down and ssDNA-2down, which are complementary to ssDNA-1
and ssDNA-2 , respectively. The n-DEP force generated by applying an AC voltage to the
IDA electrode c}iisplaced the microparticles toward the encoded areas, causing them to rapidly
accumulate on the upper surfaces. Hybridization allowed it to distinguish the microparticles
and sense multiple analytes by spatial recognition in the DNA-encoded areas. This figure is
from Ramon-Azcon et al. (Ramén-Azcén et al. 2011) with permission from ACS.

Since distinct SPR prototypes (Biacore, IASys, etc.) have appeared in the
market, a significant number of applications of this principle for pesticides
have been reported in recent years. Monitoring of the pesticide DDT in
water samples was performed using SPR immunosensors (Mauriz et al.
2007). The DDT acronym is derived from an old and imprecise name,
Dichloro Diphenyl Trichloroethane. DDT is a chlorinated compound with
insecticidal properties that has been used worldwide for controlling insect
pests. However, it is highly hydrophobic with great stability to physical,
chemical, and biological degradation, resulting in the accumulation of its
residues in animal and human tissues as well as in the environment. The
analyte derivative was covalently immobilized onto a gold-coated sensing
surface and competed with free insecticide for binding to the Ab. This
portable immunosensor based on SPR technology could provide a highly
sensitive detection of DDT at nanogram per liter levels (15 ng/L). The
regeneration of the immunosurface was accomplished throughout 270 assay
cycles without degradation of the covalently immobilized molecule. Other
examples of single and multi-analyte assays for simultaneous detection of
different pesticides by SPR were reported by the same research group, and
the SPR biosensor portable platform (B-SPR) is already commercialized
by the company SENSIA, S.L. (Spain). In another example, atrazine was
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measured in water using SPR transduction, and a study of the matrix effects
of different types of wastewater was also performed (Farré et al. 2007).

Nanomechanical immunosensors

Microcantilevers (MCL) translate molecular recognition of biomolecules into
nanomechanical motion that is commonly coupled to an optical or piezo-
resistive read out detector system (Alvarez et al. 2008). Microcantilever
sensors rely on their deflection to indicate sensing. Thus, molecular
adsorption onto the sensing element shifts the resonance frequency and
changes its surface forces (surface stress). One example is the use of a
competitive immunosystem to measure DDT in a buffer solution (Alvarez
etal. 2003). A synthetic hapten of DDT conjugated with BSA was covalently
immobilized on the gold-coated side of a cantilever using thiol self-
assembled monolayers, and the cantilever was exposed to a mixed solution
of the monoclonal Ab and DDT. This biosensor could achieve subnanomolar
sensitivity (10 nM) without the need for labeling with fluorescent and
radioactive molecules.

Piezoelectric immunosensors

Piezoelectrics are materials that may be brought into resonance by the
application of an external alternating electric field. (for review see (O’Sullivan
et al. 1999)). Piezoelectric immunosensors may adopt two modes: (1) Bulk
acoustic (BA) devices in which adsorption of the analytes occurs on the
coated surface of a piezoelectric crystal connected to an oscillator circuit and
(2) surface acoustic wave (SAW) devices in which an acoustic wave moves
just at the surface of the crystal. For BA devices, resonance occurs over the
entire mass of the crystal. Several immunosensors have been developed for
the assay of 2,4-D. For example, Horacek and Skladal (Horacek and Skladal
1997) obtained a biosensor with an LOD of 0.24 ng/mL for free 2,4-D.
Piezoelectric immunosensors for the determination of atrazine (Pribyl et al.
2003) were developed, and direct and competitive determination systems
were studied and compared. In the competitive format, the mixture of object
pesticide and specific Ab was pre-incubated in solution and passed through
the flow cell with the piezoelectric crystal modified with the atrazine hapten.
The competitive assay provided a much lower limit of detection (0.025 ng/
mL) compared with the direct determination (1.5 ng/mL), but the protocol
for the direct determination is faster and can be accomplished in 10 min.
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SUMMARY

¢ A significant portion of environmental pollution is caused by the
application of pesticides in agriculture, horticulture, and forestry.
Much interest has been focused on these compounds not only
because of their possible adverse effects but also for the great
amounts that are produced worldwide.

* Biosensors are a good tool for pesticides control that could be used
in various formats for specific purposes, ranging from quantitative
laboratory tests to simple “yes/no” screening tests that are field-
portable. These advantages can be exploited in monitoring programs
in which great number of samples need to be analyzed. Thus, as
effective screening techniques, biosensors are complementary in
effect to the standard analytical techniques.

¢ Commercialization of biosensor technology in the environmental and
food industries has significantly lagged behind the research output. It
isnot easy to explain the slow transfer of technology within research
and industry, but it could be attributed to cost considerations and
some key technical barriers such as stability, detection sensitivity,
and reliability.

* Enzymatic biosensors, which are based on the use of enzymes, use
either of the two principles: enzyme inhibition or hydrolysis of the
pesticide. In the case of inhibition, enzymes used for the detection of
pesticides are inhibited by the pesticide, and the extent of inhibition
is correlated to the concentration of the analyte. Compared with
enzyme inhibition, biosensors based on direct pesticide hydrolysis
are more straightforward, because inhibition-based biosensors
are poor in selectivity and are rather slow and tedious since the
analysis involves multiple reaction steps such as measurement of
initial enzyme activity, incubation with an inhibitor, measurement
of residual activity, and regeneration and washing.

* Immunosensors are biosensors based on the immunological
reaction derived from the binding of the Ab to the corresponding
Ag. In immunosensors procedures the quantification of pesticides
molecules is performed under competitive conditions. The general
strategy of competitive assays is based on the competition between
the free Ag (analyte) and a fixed amount of labeled Ag for a limited
amount (low concentration) of Ab. At the end of the reaction the
amount of labeled Ag and subsequently the free Ag is determined.

* Recently, several immunodevices have been published combining
microparticles with different transduction systems for pesticide
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analysis. The use of microbeads greatly improves the performance
of the immunological reaction, minimizing the matrix effect due
to improved washing and separation steps. Optical as well as
electrochemical transduction has been used in combination with
microparticles, and microparticles movement has been manipulated
using magneto force (with magnetic particles) or DEP force (e.g.
polystyrene, gold, carbon nanotubes).

CONCLUSIONS

Biosensors offer a good alternative to conventional methodologies in
pesticide analysis due to their high sensitivity and selectivity. They have
two especially useful properties: (i) They can be carried out for use in the
field and (ii) they can work with complete automation and produce results
after a short period. Thus, they are a good alternative to the conventional
techniques in specific places where they can reach easily, for example in
the field or in the hands of the initial manufacturer. Furthermore, they
also represent a good complementary tool that can be used as screening
methods.

The future of biosensors lies in the combination of knowledge from
different scientific disciplines. Collaboration and interchange of expertise
between analytical and immune chemists and technologists are needed
to achieve new objectives. Many new micro/nanotechnological advances
present new and interesting possibilities that should be investigated to
find new transduction systems to convert biological specific recognition
phenomena into electrical or optical signals. Finally, the extensive research
in this branch of science should not be exported to industry without
performing rigorous validation studies with environmental samples. For
this last purpose, rigorous legislation with well-established protocols is
necessary for the validation of new biosensor technology.

KEY FACTS

® Pesticides arrive intentionally to the environment and their use and
release should be controlled.

® The commercialization of biosensor technology in the environmental
and food industries has significantly lagged behind the research
output.

¢ Enzymatic biosensors, which are based on the use of enzymes, use
either of the two principles: enzyme inhibition or hydrolysis of the
pesticide.

¢ Immunosensors are based on the immunological reaction derived
from the binding of the Ab to the corresponding Ag.
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Because of its simplicity, electrochemical transduction is the oldest
and most common method used in biosensors for pesticides
detection.

Immunosensors in combination with microparticles have achieved
important goals to control pesticides residues in the agroalimentary
industry.

DEFINITIONS

Antibody: Ab are globular proteins generated by the immune system
as a defense against foreign agents (Ag).

Dielectrophoresis: electrokinetic phenomenon produced by the
interaction of an induced polarization with a spatially inhomogeneous
electric field.

Impedance spectroscopy: analytical tool capable of characterizing
the evolution of the impedance in a system for a certain
range of frequencies.

Interdigitated microelectrodes: device constructed with two metal
electrodes formed by a large number of digits that are interspersed
to increase the length/area relation.

Maximum residue level: MRL are defined as the maximum concentration
of pesticide residue likely to occur in or on food and feeding stuffs
after the use of pesticides according to Good Agricultural Practice
(GAP).

Pesticide: substance used to kill, control, repel, or mitigate any
pest. Insecticides, fungicides, rodenticides, herbicides, and
germicides are all pesticides.

ACKNOWLEDGMENTS

This work has been supported by the Japan Society for the Promotion of
Science (JSPS)—Postdoctoral Fellowships for Foreign researchers.

ABBREVIATIONS

2,4-D 2,4-Dichlorophenoxyacetic Acid
2,45-T 2,4,5-Trichlorophenoxyacetic Acid
Ab Antibody

AChE Acetylcholinesterase

ADI Acceptable Daily Intakes

Ag Antigen

AP Alkaline Phosphatase
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BA
BSA
BChE
DDT
DEP
DNA
DPV
EIS
ELISA
EPA
EU
EW
GAP
IDuD
ICSO
HRP
GC-MS
LC-MS
LOD
MCL
MEP
MRL
MW
MZI
OPH
OPP
OWLS
RIANA
SAW
SPR
TIR
TIRF
USA
WHO
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Biosensors for Ecotoxicity of
Xenobiotics: A Focus on Soil
and Risk Assessment
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ABSTRACT

In this chapter we discuss the potential application of biosensors for
the ecotoxicologal risk assessment of xenobiotics in soil environments.
In the first part we introduce basic concepts of ecotoxicological risk
assessment, ecotoxicology, environmental fate of xenobiotics, with
particular focus on bioavailability processes and their importance in
exposure and ecotoxicity of xenobiotics in soils. Specifically, all the
main processes controlling the environmental fate of xenobiotics in
soils are explained.

In the second part we introduce some principles of the functioning
of different classes of whole cell biosensors and chemical sensors for
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xenobiotics of ecotoxicological interests and present some applications
and their contribution to improve the ecoxicological risk assessment of
xenobiotics in soils. We show how biosensors can be applied together
with chemical assessment of bioavailability of xenobiotics in soil to
assess ecotoxicological risk. The application of biosensors to improve
the classical risk assessment paradigm is presented, in order to show
how this technology can be used to assess the ecotoxicological risk of
xenobiotics in soils. Examples of biosensors with potential application
for ecotoxicological risk assessment are also presented and discussed.
The relevance of these studies of environmental health is also
acknowledged.

We conclude that biosensors technology holds relevant potential for
ecotoxicological risk assessment of xenobiotics in soils.

INTRODUCTION—PRINCIPLES OF ECOTOXICOLOGICAL
RISK ASSESSMENT

Risk assessment for xenobiotics is currently the main regulatory decision-
support process behind the measures to prevent, assess and manage
environmental pollution. Risk assessment can be defined as a scientific
procedure aimed at identifying the hazards correlated with pollutants
and the risks related with their use/presence in the environment. It is
possible to distinguish between a human health and an ecotoxicological
risk assessment: in both cases the concern is related to toxic substances,
but the focus is moved from human to ecological receptors. The US
National Academy of Science already defined about 30 years ago a risk
assessment “paradigm”, that is applicable for both human or ecological
receptors, and it is made up of four components (NRC 1983): i) hazard
identification, ii) exposure assessment, iii) dose-response assessment and
iv) risk characterization (Fig. 3.1). In the first step, all available information
about the toxicity (or ecotoxicity) of the chemical of concern are gathered;
exposure is aimed at identifying the magnitude of the releases as well as
the possible pathways and potential exposures for human and ecological
receptors; dose-response assessments are divided in the evaluation of the
observable data range and the extrapolation of ranges to toxicological (or
ecotoxicological) endpoints; risk characterization finally integrates the
information of the previous components in order to assess the potential or
existing risk of an adverse effect (Newman and Unger 2003).
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2) Dose-response
assessment

N

/

1) Hazard
identification

4) Risk
characterization

3) Exposure
assessment

Figure 3.1. The risk assessment paradigm scheme. Modified from NRC (1983). This figure
shows that different steps must be undertaken in order to characterize and assess risk of a
xenobiotic. First, the hazard (i.e. the toxicity or ecotoxicity) of the xenobiotic must be identified.
This hazard is then quantified by a dose-response assessment: increasing doses of the xenobiotic
are applied and the response measurement. Finally, exposure is assessed by quantifying the
fraction of xenobiotic that is reaching the receptor.

ECOTOXICITY AND ENVIRONMENTAL FATE OF
XENOBIOTICS

The term ecotoxicology was firstly used in 1969 by Truhaut (see Truhaut
1977), and aimed at extending toxicology, i.e. the science of studying the
effects of poisons on an organism, to an ecosystem level. Ecotoxicology
thus takes some approaches used in toxicology (e.g. dose-response
assessments, effective doses and other end-points) and extends them to
an ecosystem level. As outlined by Moriarty (1983), it would be a mistake
to think of ecotoxicology as a simple translation of toxicology, where the
only difference is the test species (e.g. a water flea rather than a lab rat):
ecotoxicology is concerned with ecosystems health, and thus takes into
account effects at population or community level, and considers not only
death or carcinogenicity, but also effects that could have a deep impact on
ecosystems, such as developmental or endocrine effects. Several definitions
of ecotoxicology were proposed in time: a recent and synthetic one defines
it as “the study of harmful effects of chemicals on ecosystems” (Walker et
al. 2001).
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Given the definition above, ecotoxicology is quite a multidisciplinary
science, aimed at assessing the distribution and the effects of contaminants
in the ecosystems. Knowledge about the environmental distribution of a
contaminant is thus at the basis of any ecotoxicological risk assessment,
including those based on the use of biosensors. Any ecosystem, either
aquatic or terrestrial, is studied by ecotoxicology: here we will focus on
xenobiotics in soil ecosystems, especially on agricultural soils.

First of all, it is necessary to make some definition and distinction
among terms that are often used as synonyms by non-experts. In this chapter
we focus on xenobiotics: the term derives from the Greek, and literary
means “stranger for life”. Xenobiotics are thus compounds that are not
produced in nature and not normally considered constitutive components
of a specific biological system (Rand and Petrocelli 1985). Xenobiotics are
not to be confounded with contaminants and pollutants: a contaminant
is a compound with natural or synthetic origin that is present in a given
environment at concentrations higher than the natural ones, while pollutant
indicates a compound that is present at concentrations able to cause
deleterious effects on living organisms. This implies that a xenobiotic is
always a contaminant, but it becomes a pollutant of ecotoxicological concern
only when present at concentrations exerting toxic effects.

In order to show how biosensors can be applied to assess the ecotoxicity
of xenobiotics, some definitions of environmental fate are also necessary.
Once released in the environment, a xenobiotic undergoes a series of
processes of transport and, eventually, transformation. These processes
depend on the physico-chemical properties of the pollutant and the
conditions of the surrounding ecosystem. Focusing on the soil environment,
xenobiotics can migrate from it to the surrounding compartments: air
(volatilization), water (leaching in the case of groundwater, lateral drainage
and runoff and transport with sediment eroded in the case of surface water),
or living organisms (uptake processes) (Fig. 3.2). From an ecotoxicological
point of view, the uptake by living organisms (whether animals, plants or
microorganisms) is a process of major concern, as it represents the necessary
(but not sufficient) conditions to have ecotoxicological effects. Xenobiotics
with low vapour pressures, high Kow (octanol-water partition coefficients,
ameasure of chemicals hydrophobicity), and low degradability have a low
tendency to escape (i.e. fugacity) towards air and water compartments, and
are thus the ones of major interest for soil environments.

Another relevant concept in ecotoxicology is that of bioavailability,
which is the capacity of a xenobiotic to be actively or passively absorbed
by living organisms. The peculiar problem of assessing soil xenobiotics
bioavailability is related to the fact that the soil environment is structured
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Figure 3.2. Processes controlling the distribution of a xenobiotic in the soil and in the
surrounding environments. Once released in the environment, a xenobiotic undergoes a
number of processes controlling its fate. In soil, it can be sorbed, bound or transformed in
other chemical forms. It can also move to the air through volatilization or to the water through
runoff or leaching. A portion of what is remaining in the soils, termed the bioavailable fraction,

can finally be uptaken by biological receptors (plants, animals or microbes). This bioavailable
fraction is the one that can potentially pose a risk. Unpublished material of the authors.

in aggregates and pores of various dimensions (@ pm-cm) and constituted
by reactive minerals and organic substances. Once entering into the soil,
xenobiotics can indeed be trapped into micropores or be adsorbed onto
organic and inorganic particles (Fig. 3.3). Therefore, normally the xenobiotic
bioavailable fraction does not correspond to its total concentration, and may
not be entirely available for uptake by ecological receptors. Furthermore,
entrapment and sorption processes generally increases with time, and the
aging phenomenon has to be taken into account for a meaningful definition
of xenobiotic bioavailability in soil. Due to the large variability of the soil
properties, the bioavailable fraction differs in various types of soils and
xenobiotics, but it also depends on the ecological considered receptor.

The xenobiotic availability in soil has been traditionally estimated by
chemical extraction methods: a summary of these methods is presented in
Table 3.1. In this chapter we show how biosensor technology can integrate
the information given by chemical methods with more biologically
meaningful information on xenobiotic bioavailability, in order to provide
an improved and integrated approach to ecotoxicological risk assessment
in soils.
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High bioavailability

Low bioavailability

Figure 3.3. Schematization of bioavailability processes in soil environments. Xenobiotics can be
trapped within soil particles or within the organic matter, and their biovailability for ecological
receptors such as bacteria is reduced. Unpublished material of the authors.

Color image of this figure appears in the color plate section at the end of the book.

Table 3.1. Examples of chemical extraction methods for the assessment of the bioavailable
fraction of organic xenobiotics in soils.

Extraction method [Description Reference(s)
Cyclodextrins Modified cyclodextrins (e.g. hydroxypropyl- [Semple et al. 2003
B-cyclodextrin, HPCD) are used to entrap  [Puglisi et al. 2007
xenobiotics such as PAHs or PCBs, thus
increasing their solubility.

Hydrophobic Resins such as XAD or Tenax are used to Northcott and Jones 2001
resins desorb and quantify xenobiotics labile

fractions
Mild solvents Use of mild solvents such as buthanol Kelsey et al. 1997

to increase the solubility of hydrophobic

xenobiotics
Persulphate The fraction of PAHs oxidized by Cuypers et al. 2000
oxidation persulphate is used as an estimate of the

bioavailable fraction
Supercritical fluid |The bioavailable fraction is extracted by Bjorklund et al. 1999
extraction putting samples in pressure and temperature
controlled conditions in chambers flushed
with supercritical CO,

Different extraction methods for the quantification of the bioavailable fraction have been
developed. These methods can be coupled with biosensors in order to achieve an integrated
ecotoxicological risk assessment.

BIOSENSORS WITH FOCUS ON SOIL APPLICATIONS

A biosensor can be defined as a measurement device or system composed
of a biological sensing component, which recognizes a chemical or physical
change, coupled to a transducing element that produces a measurable signal
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in response to the environmental change (Daunert et al. 2000) (Fig. 3.4).
The sensing component classifies the biosensors in one of the three basic
types such as: molecular, tissue and cellular (Pancrazio et al. 1999). The
sensing elements of molecular biosensors can be subcellular components or
macromolecules such as nucleic acids, lipid bilayers, enzymes, ion channels
or antibodies. Tissue based biosensors are derived from intact tissue,
whereas the whole-cell biosensors are usually bacterial cells producing a
measurable signal or product.

Xenobiotic /

Biological
Sensing
component

Signal

Figure 3.4. Schematic representation of a biosensor for detection of xenobiotics. A biosensor
is made up of different components assuring its functioning: a biological sensing component
(e.g. a microorganism, a tissue, an enzyme or an antibody) recognizes a specific xenobiotic
or class of xenobiotics, and through a transducing element produces a signal (e.g. light or
fluorescence) easily measurable. Unpublished material of the authors.

Whole Cell Biosensors

Bacteria have long being used as models for exploring the dose-dependent
toxicity and mutagenicity of specific analytes in drug tests and monitoring
of environmental contamination. The first use of a bacterial strain dates back
to the Microtox test which was introduced in the early 1980s and it is based
on the natural bioluminescence of the marine bacterium Vibrio fischeri to
assess samples toxicity (Bulich and Isenberg 1981). The basic assumption
for this test is that bioluminescence is an energy- and cofactor-demanding
process and any factor reducing the bioluminescence indicates that bacteria
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have been exposed to a toxicant. Microtox is a typical example of the so-
called “light-off” or non-specific biosensor: similar “light-off” biosensor
have been developed by inserting lux genes into enteric bacterial strains
such as Escherichia coli or soil borne bacteria such as Pseudomonas fluorescens
(Hamin-Hanjani et al. 1993). The lack of specificity is the major limitation of
these ‘light off” biosensors, which may also produce false positive responses
to organic xenobiotics if they are metabolized and produce cellular reducing
potential leading to an increase of bioluminescence.

A major step forward in biosensor technology has been made by the
production of the first specific biosensor, constructed by the insertion of
a promoterless [ux gene from Vibrio fisherii into the soil borne bacterium
Pseudomonas fluorescens under the control of the promoter nahG gene,
specifically activated by salycilate, the metabolite produced after
naphthalene uptake (King et al. 1990). This work demonstrated the
possibility of stabilizing a genetic construct and transmitting it to the
following generations in ecological representative microorganism. It is also
the first example of a specific “light-on” biosensor, where the luminescence
is emitted only in response to the assimilation of specific chemicals or classes
of chemicals. Since then, a large number of biosensors have been created for
analysis of the bioavailability of the major classes of organic xenobiotics, but
also for trace elements, nutrients and ecological interactions, with important
applications for soil systems.

“Light-on” biosensors are characterized by two main elements: a reporter
gene and a promoter (or responsive element). The concept of the reporter
gene is relatively old in basic biology and biochemistry, and it can be defined
as a gene whose phenotypic expression can be easily detected. Reporter
genes traditionally used in microbiology and biochemistry are lacZ, coding
for B-galactosidase, or xylE coding for catechol 2,3-dioxygenase, but they are
not useful for monitoring microbial responses in soil, because their products
cannot be easily recovered or targeted against the high background in soil
samples. Differently, bioluminescence-based reporter genes, expressing
light emitting molecules, such as the promoterless [ux (bacterial luciferase),
luc (firefly luciferase) or gfp (green fluorescent protein encoding gene) are
more suitable to study activity and location of microorganisms in the soil
environment.

Four genes have been successfully used to construct whole cell reporter
strains, mainly due to the possibility to detect their products in the soil
environment. The [uxCDABE gene cassette codes for the luciferase enzyme,
which emits constant light when supplied with oxygen and intracellular
energy, whilst bioluminescence is reduced by uncoupling factors, loss of
membrane integrity, or direct enzyme inhibition. The gfp (Table 3.2), isolated
from the jellyfish Aequorea victoria, encodes for the green fluorescent protein

© 2012 by Taylor & Francis Group, LLC



Biosensors for Ecotoxicity of Xenobiotics: A Focus on Soil and Risk Assessment 49

Table 3.2. Key features of fluorescent proteins.

1. The first fluorescent protein discovered was the green fluorescent protein (GFP), a
component of the bioluminescent organs of the jellyfish Aequoria victoria.

2. Three scientists (Osamu Shimomoura, Martin Chalfie and Roger Y. Tsien) received
in 2008 the Nobel Prize in Chemistry for the discovery of GFP and development of
GFP-related applications.

3. Other fluoresecent proteins, such as the yellow and the red fluorescent proteins (YFP
and RFP) have been also engineered.

4. Scientists can now clone fluorescent proteins and insert them into living cells of
different organisms and visualize the location and the dynamics of the gene product
using fluorescence microscopy.

5. Fluorescent based biosensors are constructed by inserting the fluorescence genes
under the control of promoters activated by specific compounds.

6.  The advantage of this approach for soil studies is that fluorescent proteins respond
fast, and have no interferences with soil constituents.

7. Itis possible to insert more fluorescent proteins each under the control of a different
promoter in a single organism, thus obtaining multiple-specific biosensors.

Fluorescent proteins have very important applications in science, as acknowledged by the
Nobel Prize in Chemistry awarded in 2008 to their three discoverers. In the case of biosensors
application for soils, fluorescent proteins present several advantages as compared to other
reporter systems.

(GFP), a protein of 27 kDa size that converts by chemiluminescence the blue
light (395 nm) of the Ca** -photoprotein (aequorin) into green light (510 nm).
The chromogenic part of the protein is a tripeptide, which requires oxygen
for maturation. The cDNA of the gfp was firstly cloned by Prasher et al. (1992)
and afterwards introduced in intact cells and /or organelles by Inouye and
Tsuji (1994). The main advantages of the gfp-based whole cell biosensors are
that no substrates are required to perform the assays, GFP protein is stable
in a broad range of pH (6-12) and resists to different proteases. The latter
two protein characteristics are particularly important for soil applications,
because soil pH may vary in different soils and because the soil holds an
intense proteolytic activity either due to the biontic or abiontic proteases.
The disadvantage of GFP is that the formation of the GFP active form
requires some hours and that under UV light excitation several organic
and inorganic soil constituents are also fluorescent. However, reporters
with mutant unstable GFP having a rapid intracellular turnover (Andersen
et al. 1998) allows the construction of gfp-based reporter bacteria, which
respond faster and no interferences by soil constituents in the fluorescence
measurements have been reported.

When a specific biosensor for organic xenobiotics is required, the
most useful promoter genes are usually the ones involved in degradative
pathways. Specific biosensors have been developed employing genes
involved in the degradation of xenobiotic compounds such as phenols
(Shingler and Moore 1994), middle-chain alkanes (Sticher et al. 1997),
salycilates (King et al. 1990), chlorobenzoates from PCBs degradation (Boldt
et al. 2004), and dioxins (Garrison et al. 1996).
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Chemosensors

Chemical sensors (chemosensors) consist of two main components: a
receptor and a detector. Receptors include enzymes, antibodies, and lipid
layers, and are responsible for the selectivity of the sensor. The detector
is not selective and acts as transducer, because it translates the physical
or chemical changes of the receptor into an electrical signal. Detectors
include transduction platforms having electrochemical (potentiometric,
amperometric, impedance), piezoelectric, thermal or optical (reflectrometry,
interferometry, optical waveguide lightmode spectroscopy, total internal
reflection fluorescence, surface plasmon resonance) properties.

The chemosensors for environmental monitoring based on the use of
piezoelectric detectors are among the most commonly used. Piezo-electric
crystals (e.g. quartz) vibrate under the influence of an electric field, and the
variations of the resonant frequency of an oscillating piezoelectric crystal
in relation to the mass deposited on the crystal surface are used as an index
of interactions between the receptor and the analyte. The main differences
in the piezoelectric chemosensors concern the physical dimensions of the
quartz plate and the thickness of the deposited electrode.

The piezoelectric DNA-based biosensors are constructed by
immobilizing double stranded DNA (dsDNA), and are then placed in
contact with the environmental liquid phase or extracts, allowing the
contact between DNA and eventual environmental pollutants. As for the
other types of sensors, in the analysis of soil and soil solution the extraction
conditions are a critical step. A DNA-based biosensor for the qualitative/
semiquantitative detection of genotoxic effects of various aromatic
xenobiotics in soil was presented by Bagni et al. (2005), and its response in
soils polluted by benzene, naphthalene and anthracene derivatives were in
agreement with standard plant and animal toxicity, and the comet tests. This
paper also well illustrated the different responses obtained using different
extractants and extraction conditions.

Supramolecular Sensors

Supramolecular chemistry is the study of the complex multimolecular
species formed by aggregation of relatively simpler molecules (Ganjali
et al. 2006). Supramolecular chemistry has been used for constructing
sensitive membranes, selective for particular analytes, by matching the
size and binding properties of the species to enhance the sensor selectivity.
Ceresa et al. (2001) used ion-selective membranes based on the Pb-selective
ionophore thioacetic acid dimethylamide, in this way they established that
potentiometric polymeric membrane electrodes based on electrically neutral
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ionophores are useful analytical tools for heavy metal ion determinations
in drinking water at nanomolar total concentrations.

APPLICATION OF BIOSENSORS FOR ECOTOXICOLOGICAL
RISK ASSESSMENT OF XENOBIOTICS IN SOILS

The potential application of biosensors in different stages of the basic risk
assessment procedure is graphically illustrated in Fig. 3.5. As shown, the
hazard can be identified through the application of a range of different
biosensors, by selecting those with wider applicability and more ecological
relevance. Wide applicability and ecological relevance are important pre-
requisites to allow the biosensors to be accepted as tools in risk assessment
future and legislation. From this point of view, owing to the biological
complexity, responses of whole cell biosensors offer a more meaningful
picture of the exposure and toxicity of xenobiotics than of chemosensors,
which are more suitable for detection, particularly specific biosensors
which can be applied for a deeper screening of toxicity, and to obtain dose-
response curves and ecotoxicological end-points such as EC, s and NOECs.
Biosensors can also be very useful to determine the exposure level, since
they provide a direct measure of the amount of xenobiotic that is actually
able to cross the cell membrane. This approach also shares the possibility of
selecting ecologically representative microbial strains as hosts: compared to

2) Dose-response
assessment

Biosensors assays witl
increasing xenobiotics doses

1) Hazard

identification L 4) Risk
| Application of set of characterization
|_biosensors

3) Exposure
assessment

estimate bioavailability

Figure 3.5. Modification of the risk assessment paradigm scheme to take into account the
possible contribution of biosensors in soil ecotoxicological risk assessment. Biosensors can
be used to improve the risk paradigm in the case of ecotoxicological risk assessment of
xenobiotics in soils. 1) Different biosensors can be used as a screening tool to identify the major
classes of xenobiotics present in a contaminated site; 2) specific biosensors are then used to
carry out dose response assessments and obtain ecotoxicological endpoints; 3) biosensors can
also be used as tools to estimate the bioavailable fraction of xenobiotics; 4) all the information
is used to produce a risk characterization. Unpublished material of the authors.
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classical biosensors tools such as the marine bacterium Vibrio fisherii, more
representative strains (e.g. Pseudomonas fluorescens for soil) should be chosen.
As a final step, all obtained information is elaborated to produce a risk
assessment (Fig. 3.5). Biosensors of course do replace all tools necessary for
risk assessment: their role is complementary, by providing information, such
as ecotoxicity or real exposure, not obtainable with classical tools such as
chemical analyses and environmental modelling. Chemical methods are also
very useful to improve the application of biosensors. It is indeed difficult
to apply biosensors directly on soil. In situ application of biosensors has
been successfully achieved for nutrients status report (Puglisi et al. 2008),
but for xenobiotics the situation is more difficult because of the quenching
phenomena disturbing the expression of the signal. Acommon approach is
thus to extract the xenobiotic from the soil, and then expose the biosensors
to the extracts. If this is done for an ecotoxicological risk assessment, the
bioavailable and not the total extractable fraction is relevant. At present
several extraction methods have been developed and reviews on the topic
published (Semple et al. 2003). Examples of some of these methods are
reported in Table 3.1.

An example of the application of biosensors coupled to chemical
methods for the extraction of the bioavailable fraction, has been given
in the case of dioxins. Dioxins and furans are extremely toxic chemicals,
formed as a by-product of industrial processes involving Cl such as
waste incineration, chemical and pesticide manufacturing, with proven
adverse effects on human and animal health in various parts of the world.
Dioxins are characterized by a long persistence in the environment. The
most known toxic compound is the 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), and the toxicity of the dioxin family as well as other chemicals
with comparable effects (e.g. PCB) are measured in relation to TCDD.
Kurosawa et al. (2006) developed an immunosensor with a modified anti-
TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) monoclonal antibody as the
molecular recognition component on the chemically activated surface of
the electrode and a high sensitive bisphenol-A detection method using a
signal amplification protocol to solve the problem of low signal emission.
The immunosensor method described by Kurosawa has demonstrated
its effectiveness as an alternative screening method for environmental
monitoring because these results were compared with results obtained
through environmental monitoring methods such as GC/MS and ELISA.
Another biosensor system for dioxin compounds has been developed by
modification of rat hepatoma cells with insertion of luciferase gene under the
control of the aryl hydrocarbon receptor: it is known as DR-CALUX (Dioxin
Response Chemical Activated Luciferase eXpression) and it is widely used
to assess the presence and toxicity of dioxin and dioxin-like xenobiotics in
food or environmental matrixes (Garrison et al. 1996; Besselink et al. 2004).
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As compared to the chemical specific immunosensor, the DR-CALUX is
more “mechanism” specific: in fact, the light emission is proportional not
only to the total concentration of dioxins but also to their relative toxicity.
This offers several advantages for risk assessment, although the above
mentioned limitations should be born in mind when the total rather than
the bioavailable fraction is used.

To evaluate this potential limitation, Puglisi et al. (2007) conducted
a study coupling non-exhaustive extraction techniques with resins and
cyclodextrins for bioavailability assessment with the DR-CALUX assay,
in an ecotoxicological risk assessment of dredged sediments historically
contaminated with PCBs and dioxins. Results showed that after a long
time a fraction varying from 38 to 70% of the total xenobiotic contents was
bioavailable, and that the coupling of non-exhaustive extraction techniques
and DR-CALUX bioanalyses lead to a lower risk estimated for as compared
to commonly adopted exhaustive extraction techniques.

Biosensors can also be used for ecotoxicological risk assessment of
other xenobiotics such as BTEX compounds, organochlorinateds compound
and antibiotics. The mono-aromatic volatile compounds like benzene,
toluene, ethylbenzene, xylenes, collectively termed BTEX are emitted from
various human and industrial activities and undergo variable partitioning
and distribution between the solid and liquid phases of water, soil, and
vegetation. While the emission of the BTEX has led to environmental concern
for their contribution to global warming, caused by their chemical reactivity
and their potential to reduce the ozone in the troposphere, the BTEX, as
well as other volatile xenobiotics, also have harmful effects to human health
even at lower concentrations. In fact, they can affect different organs such
as nervous systems, liver, kidney, reproductive apparatus and cause asthma
in children, particularly in the urban environment (Hinwood et al. 2007).

Whole cell biosensors responding to bioavailable benzene, toluene and
xylene (BTEX) in soil have been constructed by inserting the luxCDBAE or
luc genes in different plasmidial genes involved in the catabolic pathways of
such compounds, using Pseudomonas putida strains (Burlage and Kuo 1994)
or Escherichia coli. The insertion of different genes improve the sensitivity
towards specific BTEX compounds because their degradation to pyruvate or
acetaldehyde is controlled by several intermediates and enzymes. To date,
there is no comprehensive comparison between the BTEX chemosensor
responses and the models developed for assessing their chemical fate in
the environment.

Available whole cell biosensors for detection of chlorinated and organic
polychlorinated pollutants are based on a Pseudomonas fluorescens 10586s,
Burkholderia sp. Rasc strain or equipped with a complete luxCDABE cassette
on the same plasmid pUCD607 (Palmer et al. 1998; Boyd et al. 2001), or
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on Pseudomonas fluorescens 8866 and Pseudomonas putida (Weitz et al. 2001)
with chromosomally integrated luxCDABE responding to soil pollution by
different chlorobenzene derivatives. However, the latter two strains also
responded to heavy metals such as Zn and Cu (Daunert et al. 2000). Whole
cell biosensors for detection of polychlorinated biphenils (PCBs) have been
obtained by fusions of luxCDBAE cassette with different genes of plasmidial
operons of Ralstonia eutropha strains, coding for the degradative enzymes
regulated by the presence of monochlorinated or polychlorinated biphenyls
(Layton et al. 1998). Two gfp-based whole cell biosensors sensitive to 2,4-
dichlorophenoxyacetic acid have been constructed by the fusion of gfp with
tfdCI gene in Ralstonia eutropha (Fiichslin et al. 2003) and by the fusion of
gfp with orf0-bphA1 in Pseudomonas fluorescens (Boldt et al. 2004). A luc-
based Arthrobacter chlorophenolicus strain responding to 4-chlorophenol in
soil has been successfully used by Elvang et al. (2001) for monitoring soil
remediation.

Another class of whole cell biosensors includes strains capable of
detecting groups of substances functionally similar such as antibiotics (Bahl
etal. 2004) and endocrine disruptors (Desbrow et al. 1998). Such bioreporters
have been constructed inserting reporter genes in DNA coding for co-
regulation mechanisms, as structurally similar compounds may activate
common intracellular reactions. An early example of this type of whole cell
biosensors can be considered the Pseudomonas putida TVAS8 bioreporter, in
which the chromosomal tod genes were fused with a complete luxCDABE
cassette, controlled by the Ptod promoter. Thus emitted bioluminescence in
response to benzene, toluene and xylene isomers, and phenol (Applegate
et al. 1998). These type of biosensors may be useful to study the fate of
different xenobiotics in the rhizosphere, as they can be partially or totally
degraded or transformed in different substances in soil. However, none of
these bioreporters have been used for studying soils. In this class of whole
cell biosensors, multiple stress-responsive bioreporters may also be included
which are particularly suited to study the rhizosphere and soil conditions, as
bacterial physiology under natural conditions (e.g. exposure to fluctuating
temperature or osmolarity, variable moisture content, presence of radicals)
are controlled by the expression of global regulatory metabolic genes
(regulons). Stress-responsive bioreporters respond to a broad range of
conditions and can be useful to characterize a soil environment in terms of
general cytotoxicity. Due to the extended knowledge on such systems in
enteric bacteria, Escherichia coli and Salmonella typhimurium have been used in
early works, e.g. linking the lux reporter system to general stress promoters,
such as the heat shock promoters dnak, protein-damage sensitive grpE,
oxidative-damage sensitive katG or membrane-damage sensitive fabA
promoters (Bechor et al. 2002). More recently, lux constructs soil-borne
Pseudomonas species have been genetically engineered for bioreporters of
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genotoxicity in environmental samples based on the SOS response involving
DNA repair (Rabbow et al. 2002).

APPLICATIONS TO AREAS OF HEALTH AND DISEASE

The examples reported below show how an integrated use of biosensors
and chemical extraction techniques is very useful for an ecotoxicological risk
assessment of xenobiotics in soils. Being an ecotoxicological approach, the
main focus is on ecological receptors in soils, primarily bacteria. It should be
however taken into account that most soil xenobiotics considered here (e.g.
chlorinated pollutants or BTEX compounds) also hold relevance for human
health, and that soil is very often the primary route through which these
compounds can enter the food chain and finally reach human receptors. For
these reasons, we believe that an ecotoxicological risk assessment in soils is
also very important to prevent xenobiotics-related human health issues.

Recent advances in both metabolic pathways engineering capacities,
and detection technologies along with discovery of new mutants, driven
primarily by studies in medicine, pharmacology and drug discovery, let
us also hypothesize that more sensitive and specific whole-cell biosensors
will be available for application to soil studies with relevance for human
health too.

KEY TERMS

e Aging: reduction of a xenobiotic” bioavailability in time.

¢ Total xenobiotic fraction: the total mass of xenobiotic that can be
extracted from soil with the most-exhaustive methods available.

* Bioavailable contaminant fraction: the fraction of xenobiotic
accessible for assimilation and possible toxicity to biological
receptors. It is the relevant fraction from an ecotoxicological point
of view.

¢ Ecotoxicological risk assessment: procedure to assess the risk posed
by environmental pollutants to representative ecological receptors.
Asevery risk assessment, is the resultant of a hazard and an exposure
assessment.

* Ecotoxicity: the property of a chemical to cause harmful effects on
ecosystems.

e Contaminant: a substance present in greater than natural
concentration as a result of human activity.

e Pollutant: a substance that occurs in the environment at least in part
as a result of man’s activities, and which has a deleterious effects on
living organisms (Moriarty 1983).
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Xenobiotic: a foreign chemical or material not produced in nature
and not normally considered a constitutive component of a specific
biological system (Rand and Petrocelli 1985).

KEY FACTS ABOUT THE USE OF BIOSENSORS FOR
THE ECOTOXICOLOGICAL RISK ASSESSMENTS OF
XENOBIOTICS IN SOILS

Environmental contamination by xenobiotics can potentially result
in adverse effects for both human and ecological receptors.
Ecotoxicological risk assessment is a procedure where information
about the ecotoxicity of a xenobiotic is linked to information about
the degree of exposure of ecological receptors to the xenobiotic.

In the soil environment, ecological receptors are exposed to a fraction
of the total xenobiotics mass: the bioavailable fraction.

Biosensors are useful tools for ecotoxicological risk assessment of
xenobiotics: they can provide information on exposure, ecotoxicity
or on both.

A correct ecotoxicological risk assessment of xenobiotics in soils can
be achieved by coupling chemical methods for the assessment of
the bioavailable fraction of the xenobiotics with the application of
specific biosensors.

SUMMARY POINTS

Risk assessment is made up of four steps: hazard identification,
exposure assessment dose-response assessment and risk
characterization.

Knowledge of the environmental fate of xenobiotics in soils is
necessary to assess their ecotoxicological risk.

A wide range of biosensors can be used for ecotoxicological risk
assessment of xenobiotics. The main classes include whole cell
biosensors, chemosensors and supramolecular sensors.
Biotechnology allows construction of biosensors specific for many
different compounds, including important soil xenobiotics that also
hold also relevance for human health.

A correct application of biosensors for ecotoxicological risk
assessment of xenobiotics in soil is important not only for assessing
and promoting soil quality, but also for preventing xenobiotic-related
human health issue.
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ABBREVIATIONS

BTEX : benzene, toluene, ethylbenzene, xylenes

EC,, : Effective Concentration (for 50% of population)
GFP : green fluorescent protein

HPCD : hydroxypropyl-B-cyclodextrin

NOEC : No Observable Effect Concentration

PAHs : Polycyclic Aromatic Hydrocarbons

PCBs : PolyChloroBiphenyls
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ABSTRACT

Due to their acute toxicity and high risk towards the population, some
directives have been established to limit the presence of pesticides in
water and food resources. It is thus mandatory to develop efficient
decontamination techniques in combination with highly sensitive
detection techniques allowing to accurately determine the level of
contamination of waters. This chapter deals with the development of an
enzymatic detoxification system based on bacterial phosphotriesterase
for the degradation of organophosphate insecticides in waters. A
detoxification column was designed based on the immobilization of
phosphotriesterase on an activated agarose gel via covalent coupling.
The column was tested using two widely used insecticides, chlorpyrifos
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and chlorfenvinfos, these compounds were selected as they are
included in the list of priority substances established by the European
Union Water Framework Directive. The efficiency of insecticide
degradation was controlled using a highly sensitive biosensor based
on a recombinant acetylcholinesterase, allowing the detection of
organophosphate concentrations as low as 0.004 pg L. It was shown
that a column incorporating phosphotriesterase was suitable for the
detoxification of solutions containing organophosphate insecticides,
even at concentrations higher than authorized limits. The method
was shown to be adapted to the decontamination of real samples of
pesticides with concentrations up to 20 pg L™.

INTRODUCTION

Pesticides are widely used in agricultural crops, forests and wetlands as
insecticides, fungicides, herbicides and nematocides. Many of them are
considered to be particularly hazardous compounds and toxic because they
inhibit fundamental metabolic pathways.

Due to their highly acute toxicity and risk towards the population,
some directives have been established to limit the presence of pesticides
in water and food resources. To regulate the quality of water for human
consumption, the European Council directive 98/83/CE (Drinking Water
Directive) has set a maximum admissible concentration of 0.1 pg.L™ per
pesticide and 0.5 ug.L™ for the total amount of pesticides. However, this
directive does not mention the admissible concentrations in waters intended
for human consumption before treatment, recommending each European
country to establish internal rules. In France, the decree no. 2001-1220 of
20 December 2001 has set a maximum admissible concentration of 2 pg.L™
per pesticide and 5 png.L™ for total pesticides.

Organophosphates (OPs) are a class of synthetic pesticides developed
during World War II, which are currently used as insecticides and nerve
agents (Raushel 2002). With the restricted use of organochlorine insecticides,
OPs have become the most widely used insecticides for agricultural,
industrial, household and medical purposes. OPs poison insects and
mammals by phosphorylation of the acetylcholinesterase (AChE) enzyme
at nerve endings. Inactivation of this enzyme results in an accumulation of
acetylcholine leading to an overstimulation of the effector organ (Aldridge
1950; Reigart and Roberts 1999).

Degradation of OPs is a mandatory step for the detoxification of waters
for human consumption. Enzymes able to degrade OPs have been the
focus of several research studies in the environmental decontamination/
detoxification field (Sogorb and Vilanova 2002). OP-hydrolyzing enzymes
have been found in bacteria, Archaea and Eukarya. The best-known and
characterized enzyme is phosphotriesterase (PTE), first isolated from the
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soil bacterium Pseudomonas diminuta. However, its natural substrate and
the main physiological function are still unknown (Merone et al. 2008). PTE
has the ability of hydrolyzing most organophosphates, including chemical
warfare agents like sarin or sonan (Raushel 2002; Ghanem and Raushel
2005). Due to these properties, PTE has been also described as a potential
catalytic scavenger for the treatment of organophosphate poisoning (Masson
et al. 1998).

The hazardous nature of OPs and their wide usage require development
of highly sensitive detection techniques as well as efficient destruction
methods of these compounds (Gill and Ballesteros 2000). Detection
techniques are fundamental in order to accurately determine the level of
contamination of waters by pesticides. Classical analytical methodologies
are based on extraction, cleanup and analysis using gas chromatography
(GC) or liquid chromatography (LC) coupled to sensitive and specific
detectors (Ballesteros and Parrado 2004; Geerdink et al. 2002; Kuster et al.
2006; Lacorte et al. 1993). Although these methods are very sensitive, they
are expensive, time consuming (involve extensive preparation steps) and
are not adapted for in situ and real-time detection, often requiring highly
trained personnel. In addition, these methods are not able to provide precise
information concerning the toxicity of the sample.

AChE-based biosensors can be used as an alternative to conventional
chromatographic techniques for the detection of OPs insecticides. A
successful AChE biosensor for toxicity monitoring should offer comparable
or even better analytical performances than the traditional chromatographic
systems. Ideally, such sensors should be small, cheap, simple to handle and
able to provide reliable information in real-time without or with a minimum
sample preparation.

Another possible route for the detection of these insecticides is to use
phosphotriesterase (PTE) biosensors (Mulchandani et al. 2001). Several
PTE -based amperometric, potentiometric, or optical biosensors have been
described (Mulchandani et al. 1999). Deo and coworkers have reported
an amperometric biosensor for organophosphate pesticides based on a
carbon nanotube (CNT)-modified electrode and PTE as a biocatalyst. In this
sensor design, the detection is based on the electrochemical oxidation of
p-nitrophenol, which is produced upon hydrolysis of paraoxon or methyl-
parathion by PTE (Deo et al. 2005). However, it must be noted that this
method can only be applied to the detection of a few insecticides including
parathion, methyl-parathion and their oxidation products (paraoxon and
paraoxon-methyl), due to the fact that other organophosphates do not
generate p-nitrophenol upon hydrolysis.
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PRINCIPLE OF OP INSECTICIDES DETOXIFICATION BY
PTE

Catalytic Mechanism of PTE

The phosphotriesterase (PTE) (EC 3.1.8.1) is a member of the amidohydrolase
superfamily (Holm and Sander 1997). Like other members of this superfamily
PTE utilizes one or two divalent metal ions to activate a hydrolytic water
molecule for a nucleophilic attack at tetrahedral phosphorus or trigonal
carbon centres. The active site of the native enzyme contains two zinc ions
per monomer. The enzyme retains catalytic activity when the native Zn?*
is replaced by Co*, Cd*, Ni**, or Mn*". The cobalt-substituted enzyme is
the most active form (Omburo et al. 1992).

The natural substrate of PTE remains unknown. The catalytic
mechanism for the hydrolysis of organophosphate triesters has been
extensively studied using paraoxon as a reference substrate (Ghanem and
Raushel 2005; Aubert et al. 2004). For other substrates, the catalytic efficiency
and the rate-limiting step are dependent on the pK_ of the leaving group
(Hong and Raushel 1996).

The kinetic constants (Km and Vm) of PTE for different organophosphate
substrates are summarized in Table 4.1 (Istamboulie et al. 2009).

Table 4.1. Kinetic constants of PTE enzyme using eight different organophosphate insecticides
(substrates). CPO = chlorpyrifos-oxon, CFV = chlorfenvinfos (in order to facilitate comparisons,
the maximum velocity was expressed as paraoxon-ethyl-equivalent activity).

PTE CPO | CPO- | Paraoxon |Paraoxon-| CFV |Dichlorvos| Omethoate,

methyl methyl Fenamiphos
Km (mM) 0.04 0.06 0.25 1.2 0.017 0.31 Not substrate
Relative Vm | 1.8 0.25 1 0.38 |0.0002| 0.003

(/paraoxon)

It has been demonstrated that PTE displays a higher affinity for
chlorpyrifos-oxon (CPO) derivatives than for paraoxon compounds (lower
Km), which are generally used in PTE catalysis studies. Both CPO and
chlorfenvinfos (CFV) show a very good affinity for PTE, but even though
CFV has a better affinity than CPQO, its hydrolysis rate was 9,000-fold lower.
The high affinity and the low degradation velocity of CFV indicate that this
substrate is acting as a competitive inhibitor of PTE for the hydrolysis of
other organophosphates (Istamboulie et al. 2009).
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Biodetoxification of Water Contaminated by OP Using the
PTE

Many non-selective techniques have been developed to clean-up OP-
containing water, such as activated carbon adsorption, ozonation or
biodegradation (Oturan 2000; Guivarch et al. 2003). Among these, Advanced
Oxidation Processes (AOPs) have been successfully applied for degrading
organic compounds present in polluted water (Spadaro et al. 1994).

Two different OPs were studied, chlorpyrifos and chlorfenvinfos,
which are included in the list of priority substances in the field of water
policy (decision 2455/2001/EC). Figure 4.1 presents the reactions catalyzed
by PTE for the CPO and CFV. The main products of hydrolysis are O,0O-
diethyl phosphoric ester, 3,5,6-trichloro-2-pyridinol and 2- chloro-1-
(2",4’-dichlorophenyl)vinyl alcohol. It is important to mention that these
detoxification products are not inhibitors of AChE and are not pointed out as
harmful chemicals by the European regulation and WHO recommendations
on water quality (Sogorb and Vilanova 2002).

It has been shown that the PTE-based detoxification column allows the
degradation of OPs in a large range of concentrations. However, in order

PTE pH 8
aHs ﬁm ﬁﬂcx tlx'-;ﬂs
c,H,o—l —0-—C o — HO—C a c,H,o—ﬁ—OH
o
Cl Cl
Chlorfenvinfos 2-chloro-1-(2°,4°- O»O'dif'?thyl.
phosphoric acid, 2-chloro-1- dichlorophenyl) phosphoric acid
(2’,4’-dichlorophenyl) ethenyl vinyl alcohol

diethyl ester

PTE pH 8

! N I('aﬂs
CH0—P—O+ € — Ho o+ Ciﬂso—l—OE
- — )

[ a o ,
Chlorpyrifos-oxon 3,5,6-trichloro-2- hoo’sol-l((i)lreizhe}l]si d
phosphoric acid, 0,0-diethyl pyridinol PROsP

0-(3,5,6-trichloro-2-pyridinyl)
ester

Figure 4.1. Molecular structures of CPO and CFV and their hydrolysis reactions catalyzed by
phosphotriesterase (PTE).
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to fit with the strict European and national norms, the real challenge is to
find a method for in situ controlling the amount of pesticides in order to
evaluate the efficiency of the treatment.

ACETYLCHOLINESTERASE-BASED BIOSENSORS

An alternative to the elaborated chromatographic methods is to determine
pesticides using enzymatic assays, mostly based on AChE inhibition. Many
detection kits have been successfully developed based on this principle.
The most advanced systems have been designed as low cost disposable
biosensors (Andreescu and Marty 2006; Istamboulie et al. 2007). Most
advanced configurations involve the use of recombinant AChEs that were
specifically engineered to enhance sensitivity and selectivity towards
inhibitors (Istamboulie et al. 2007). The mechanism of inhibition of AChE by
OP and carbamate compounds is well-known (Aldridge 1950). The inhibitor
phosphorylates or carbamoylates the active site serine and the inhibition
can be considered as irreversible in the first 30 min (Boublik et al. 2002).

K k

d 2

E+PX& EPX - EP+X
Where: E = enzyme, PX = carbamate or OP and X = leaving group.

This scheme can be simplified using the bimolecular constant k, = k,/K ;:

k.
E+PX—>EP+X

Two types of cholinesterases (ChEs) are known and have been used for
designing biosensors: AChE and butyrylcholinesterase (BuChE). BuChE
has a similar molecular structure to AChE but is characterized by different
substrate specificity: AChE preferentially hydrolyses acetyl esters such as
acetylcholine, while BuChE hydrolyzes butyrylcholine. Another aspect
that distinguishes AChE from BuChE is the AChE inhibition by excess of
substrate. This property is related to substrate binding and the catalytic
mechanism.

The most important step in the development of an enzyme biosensor
is the stable attachment of the enzyme onto the surface of the working
electrode. This process is governed by various interactions between the
enzyme and the electrode material and strongly affects the performance
of the biosensor in terms of sensitivity, stability, response time and
reproducibility. The main methods used for depositing ChEs onto the
working electrode surface are summarized in Table 4.2.

Apart from the natural substrates, ChEs are also able to hydrolyze
esters of thiocholine such as acetylthiocholine, butyrylthiocholine,
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Table 4.2. Principal methods used for ChEs immobilization in biosensors (Andreescu and
Marty 2006); SPE: screen-printed electrodes; PVA: photocrosslinkable poly(vinyl alcohol);
NTA: nitrilotriacetic acid; Con-A: concanavalin A.

Procedure Electrode material/ Observations
immobilization agents

Adsorption Graphite; SPE; Carbon Simple, Short response time; Poor
nanotubes operational and storage stability;

Sensitive to changes in pH,
temperature, ionic strength

Covalent binding |Pre-activated or functio- Poor reproducibility, High amount of
nalizable electrode surfaces: enzyme, Possible denaturation;
noble metals, graphite, SPE, Stable; Absence of diffusion
Glass barriers; Short response time
Glutaraldehyde, carbodiimide/

NHS

Self-assembled - Complex and difficult to

monolayers reproduce; Possible electrode fouling

Physical Noble metals; Graphite; SPE; One-step procedure at ambient

entrapment Glassy carbon electrodes, or low temperature; Simple;
Photopolymers (PVA-5bQ), Many biocompatible polymers
Electro-polymerizable,polymers |available;

(pyrrole, aniline); Sol-gel Suitable for a large variety of bio-
receptors;

Problems of reproducibility and
control of pore size; Diffusion

barriers
Affinity Noble metals; SPE; Silica NTA- |Need the presence of specific groups
Ni, Carbohydrates in the bio-receptor molecule

(e.g. histidine, biotine, lectin...)
Reusable surface; Low amount of
enzyme;

Controlled and orientated
immobilization

propionylthiocholine, acetyl-f-methylthiocholine as well as
o-nitrophenylacetate, indophenylacetate and o-naphtyl acetate. Many of
these substrates have been used in different ChE biosensor configurations.
AChE enzymes extracted from the Drosophila melanogaster and electric eel
are commercially available and are the most widely used for biosensor
fabrication. Most AChE biosensors have been used in amperometric
detection mode by measuring the product of the enzymatic reaction at a
constant potential and evaluating the inhibition degree after exposure to
pesticides.

The first devices described were coupling a ChE with a choline oxidase,
the detection being based on either the oxidation of H,0, or the reduction of
oxygen. This complicated system was further simplified using a synthetic
substrate of AChE, acetylthiocholine, which produces an easily oxidizable
compound, thiocholine, according to the reactions in Fig. 4.2.
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o ) . 2 Mediator (o) Measure of gurrent
Dithiobis(choline) + 2H SN
" 2e-
AChE 2 Mediatored 100 mV vs Ag/AgCl

2 ATCh————» 2 ThiOChOline(red )

Figure 4.2. Principle of Amperometric detection of thiocholine: ATCh (Acetylthiocholine),
AChE (Acetylcholinesterase).

The use of an appropriate mediator, like tetracyanoquinodiemethane
(TCNQ), cobalt phtalocyanine (CoPC) or poly(3,4-ethylenedioxythiophene)
(PEDOT) (Istamboulie et al. 2010b) allows decreasing the detection potential
to values lower than 100 mV vs. Ag/AgCl, thus minimizing interfering
oxidations. The mediator can be used in solution or incorporated in
the working electrode material, the latest being the preferred and more
convenient method. The most versatile method for manufacturing the
electrode is the screen-printing method. This technology allows the
production of screen-printed three-electrode system with a low cost and
high reproducibility.

The detection principle of AChE biosensors is based on the inhibition
of enzyme by OP insecticides, leading to reduced thiocholine production.
Typically, amperometric measurements are performed in stirred PBS
solution at pH values comprised between 7 and 8. After applying the
appropriate potential for mediator oxidation, the current intensity is
recorded in the presence of a saturating concentration of acetylthiocholine
substrate. The time necessary to reach the plateau is 2-3 min. The measured
signal corresponds to the difference of current intensity between the
baseline and the plateau. The cell is washed with distilled water in between
measurements. The pesticide detection is made in a three step procedure:
first, the initial response of the electrode to acetylthiocholine (1 mM) is
recorded two times, then the electrode is incubated in a solution containing
a known concentration of insecticide, and finally the residual response of
the electrode is recorded. The percentage of the inhibition is then correlated
with the insecticide concentration. Based on this method, highly sensitive
biosensors have been developed by our group using recombinant enzymes
immobilized on magnetic micro-beads by nickel-histidine affinity. We have
mainly focused our attention on two insecticides of interest: chlorpyrifos
(CPO) and chlorfenvinfos (CFV). The developed sensors allowed the
detection of pesticide concentrations as low as 1.3 x 10™'M (0.004 pg.L™)
(Istamboulie et al. 2007).
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APPLICATION OF AChE-BASED SENSORS FOR
CONTROLLING THE PTE-CATALYZED DEGRADATION OF
OP INSECTICIDES

Our group has recently demonstrated the potential application of
phosphotriesterase as a selective enzyme for degradation of organophosphate
pesticides in polluted waters (Istamboulie et al. 2010a). A detoxification
system was prepared using a 10 mL Omnifit column filled with 4 mL of
Sepharose Gel 4B previously loaded with 500 IU of PTE. The column was
connected via Teflon® tubes to a HPLC pump, and the flow rate was set to
either 0.5 mL min™ or 1 mL min™, equivalent to contact times of respectively
8 min and 4 min. Due to the high activity of PTE for CPO, the limiting
factor lies in the ability of the column to efficiently degrade CFV as well
as mixtures of CPO and CFV. The developed biosensors were used for the
control of OP compounds in water before and after treatment using the
column. The whole detoxification device coupling the PTE-based column
and the biosensor allowing to monitor the column effluents is presented
in Fig. 4.3 (Istamboulie et al. 2010a).

—y

Contaminated water

PTE immobilized on

Pump h Sepharose

S

J

Automatic sample
taking
Biosensor control of <
pesticide concentration Detoxified Water
™~

Figure 4.3. Schematic representation of the biosensor-controlled detoxification device.

Under optimum conditions, a column containing 500 IU of PTE was
shown to immediately detoxify CPO solutions, whatever their concentration.
In the case of CFV, the detoxification was much lower, due to the very slow
hydrolysis of this pesticide by PTE (Table 4.3). However, CFV solutions
with concentrations up to 15 ug L™ could be efficiently detoxified, thus
tulfilling the European regulations for human consumption water. Pesticides
mixtures were also satisfactory degraded, even at concentrations higher
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Table 4.3. Concentrations of CPO and CFV measured using a B394-AChE-based biosensor
before and after treatment on a detoxification column loaded with 500 IU of PTE.

Before treatment After treatment After treatment
- flow rate 1 mL min™ - flow rate 0.5 mL min!
Actual Inhibition % | Inhibition | Calculated |Inhibition| Calculated
concentration % concentration % concentration

pg L pg L pg L

CFV 0.1 43 0 < 0.005 0 < 0.005

0.3 55 0 < 0.005 0 < 0.005

0.5 60 0 < 0.005 0 < 0.005

0.7 64 0 < 0.005 0 < 0.005

1 67 0 < 0.005 0 < 0.005

2 75 0 < 0.005 0 < 0.005

5 84 5 < 0.005 0 < 0.005

10 95 8 < 0.005 0 < 0.005

12.5 100 43 0.1 0 < 0.005

15 100 78 2 8 < 0.005
20 100 90 10 35 <0.1

CPO 334 100 0 <0.004 0 <0.004
CPO | 334 (CPO) + 100 90 10 35 <0.1

+ 20 (CFV) (CPO + CFV)
CFV

than authorized limits. Finally, the method was shown to be adapted to
the decontamination of real samples previously spiked with pesticides
concentrations up to 20 pg L™.

A very good stability was achieved for 2 wk of continuous use, even
using real surface water spiked with the two OPs.

KEY FACTS OF OPS BIO-DETECTION AND
BIODETOXIFICATION

* Phosphotriesterase (PTE) is an enzyme able to hydrolyze
organophosphate triesters like organophosphate insecticides
(OPs).

¢ Theuse of PTE immobilized in a column allows efficient and selective
removal of OPs from water.

* The PTE column allows the decontamination of real samples of
pesticides with concentrations up to 20 png L.

* Anacetylcholinesterase (AChE) based sensor allows the determination
of neurotoxic compounds including OPs.

¢ Abiosensor based on recombinant AChE immobilized on magnetic
micro-beads by nickel-histidine affinity allows the detection of
very low concentrations of OPs, the limit of detection is as low as
1.3x10"'M (0.004 ng.L™). The performance of the biosensor fits with
the EU Water Framework Directive.
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APPLICATION TO OTHER AREAS OF HEALTH AND
DISEASE

The public health impacts of OPs are historic and of current and future
importance. Their applications have allowed society to enjoy a wide range
of foods in large quantities at low costs. At the same time these compounds
are widely used to protect public health from epidemic diseases due to insect
vectors. However, they have been associated with undesirable chronic health
effects in adult populations and developmental effects in children.

Although some OPs compounds are highly toxic to humans, they
generally break down rapidly in the environment and have been rarely
found in groundwater. Despite the fact that final products of degradation
are generally not toxic, the intermediary oxidized products are often much
more toxic than the original OPs. The determination of all degradation
products by traditional methods is quite difficult because of the uncertainty
about which products to test. Alternatively, the monitoring of drinking
water by AChE based biosensors allows the detection of global neurotoxic
compounds in water (OPs, carbamate, heavy metals...). These tools are
appropriate to protect human health from excess amounts of neurotoxic
compounds, as well as diseases due to the accumulation of low amounts
of these chemicals.

SUMMARY POINTS

* Biological detoxification columns (Omnifit, 10 mL) were designed
by immobilizing 500 IU of PTE on Sepharose Gel 4B (4 mL), they
were placed in a flow system.

¢ Two different OPs were studied, chlorpyrifos and chlorfenvinfos,
which are included in the list of priority substances in the field of
water policy (decision 2455/2001/EC).

* Biodetection experiments were performed using an amperometric
biosensor based on a recombinant AChE immobilized on magnetic
microbeads by nickel-histidine affinity. Screen-printed electrodes
were used as transducing supports.

* Recombinant AChE based sensors allowed the detection of pesticide
concentrations as low as 1.3x 10™"M (0.004 ng.L™)

¢ Thedeveloped biosensors were used to monitor the efficiency of the
biological detoxification, the method was shown to be adapted to the
decontamination of real samples previously spiked with pesticides
concentrations up to 20 pg L7, fulfilling the European regulations
for human consumption water.

¢ Thebiological detoxification column showed a maximum efficiency
during 2 wk in continuous use.
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DEFINITIONS OF KEY TERMS

¢ Acetylcholinesterase (EC 3.1.1.7) is an important enzyme present in
vertebrates and insects, it is mainly found at neuromuscular junctions
and cholinergic nervous system, where its activity serves to terminate
synaptic transmission which hydrolyze the neurotransmitter
acetylcholine, producing choline and an acetate group; each molecule
of AChE degrades about 25000 molecules of acetylcholine per second.
ACHhE can be genetically modified in order to be more sensitive for
some neurotoxin molecules.

* Phosphotriesterase (PTE) (EC3.1.8.1), alsoknownas organophosphorus
hydrolase, aryldialkylphosphatase, and paraoxon hydrolase,
is a member of the amidohydrolase superfamily. The natural
substrate of this enzyme remains unknown, general substrates are
aryldialkylphosphate and H,O, producing upon hydrolysis a
dialkyl phosphate and an aryl alcohol. This enzyme has attracted
interest because of its potential use in the detoxification of chemical
waste and warfare agents and its ability to degrade agricultural
pesticides such as organophosphates. It acts specifically on synthetic
organophosphate triesters and phosphorofluoridates.

¢ Organophosphates are esters of phosphoric acid, many of the most
important biochemicals are organophosphates, including DNA and
RNA as well as many cofactors that are essential for life. Synthetic
organophosphates are also the basis of many insecticides, herbicides,
and nerve gases. Organophosphate insecticides (OPs) have become
the most widely used insecticides, they are normally used for
agricultural, industrial, household and medical purposes. OPs poison
insects and mammals by phosphorylation of the acetylcholinesterase
enzyme (AChE) at nerve endings. Inactivation of this enzyme results
in an accumulation of acetylcholine leading to an overstimulation
of the effector organ.

® Screen-printed electrodes (SPEs) are fabricated using think film
technology on planar substrates by consecutive depositions
of conductive or insulating inks. In biosensor technology,
electrochemical transducers are generally made of SPEs in a three-
electrode system (working, auxiliary and reference electrodes). This
simple and efficient method for producing electrodes has become
highly attractive due to its versatility and cost-effectiveness.

¢ Inhibition-based enzyme sensors: conventional enzyme sensors are
based on the catalytic conversion of a substrate in the corresponding
product, which is generally determined by electrochemical or
optical processes, allowing the direct determination of substrate
concentration. In inhibition-based sensors, the target is a reversible
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or irreversible inhibitor of a specific enzyme, in this case the detection
is based on a differential measurement in the presence of enzyme
substrate with or without an inhibitor.

ABBREVIATIONS

AChE : Acetylcholinesterase

AOP : Advanced oxidation process
BuChE : Butyrylcholinesterase

CFV : Chlorfenvinfos

CNT : Carbon nanotube

CPO : Chlorpyrifos-oxon

ChE : Cholinesterase

CoPC : Cobalt phtalocyanine

E : Enzyme

GC : Gas chromatography

k, : Inhibition constant

Km : Michaelis constant

LC : Liquid chromatography

or : Organophosphate insecticide
PTE : Phosphotriesterase

PX : Carbamates or Organophosphates insecticides
TCNQ : Tetracyanoquinodiemethane
Vm : Maximum velocity
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ABSTRACT

Experimental results obtained with novel biosensors constructed ad
hoc for determination of endocrine disruptors in the environment are
reported.

Endocrine disruptors are a class of chemicals, mainly of anthropic origin,
with the ability of interfering with the normal function of the endocrine
system and so inducing severe pathologies in living organisms and in
their progeny. Thus, the detection and the determination of endocrine
disruptors in ecosystems, food, beverages, and biological samples, as
urine and blood are very necessary.
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Our interest in endocrine disruptors has focused mainly on Bisphenol
A and Catechol and, we here report the characterization of some
amperometric biosensors for their determination. Two different
types of biosensors have been constructed: one is based on activated
carbon rods and the other on carbon paste of different composition.
The biorecognition element Laccase or Tyrosinase were separately
immobilized. Devices based on modified carbon rods were used in flow
injection analysis mode, while the others based on modified carbon
paste were used in a batch electrochemical cell. For each biosensor type,
different subtypes have been constructed. Sensitivity and detection
limit for each of our biosensors have been experimentally determined
and compared with the same parameters obtained by other authors
with similar biosensors. Moreover we indicate the way by which the
performance of our biosensors can be improved.

INTRODUCTION

Endocrine-disrupting chemicals (EDCs) are environmental contaminants,
persistent and capable of interfering with endocrine system functions
(Sumpter 1998). A major group of EDCs are called xenoestrogens since
they exert estrogenic effects on the human body, including interference
with reproductive, neurologic, and immunologic functions, and even
carcinogenesis (Nilsson et al. 2001). Some of these xenocompounds have a
structure similar to estrogens and hence exhibit an affinity for the human
estrogen receptors (ERs). The strong similarity between xenoestrogens
and estrogens is the main reason for the increase of some diseases, among
which it is possible to identify infertility, functional alterations of sexual
development and some types of cancer (Mueller 2004). The xenoestrogens
list includes some phenolic compounds and, among these, Catechol and
Bisphenol A (BPA). Bisphenol A (2,2-bis(4-hydroxyphenyl)propane), is a
chemical substance widely employed as a monomer in the production of
epoxy resins and polycarbonates, and as an antioxidant in PVC plastics.
Epoxy resins are used as coating of inner surfaces of cans containing food
and beverages. Polycarbonates are used in the manufacture of plastic
containers for food, such as infant feeding bottles and tableware. PVC is
also used in a variety of products which come in contact with food, such as
cling film used for food packaging. The migration of BPA from epoxy-coated
surfaces, polycarbonate plastics and PVC products into food simulants or
food has been reported (Lopez-Cervantes and Paseiro-Losada 2003; Nerin
et al. 2003; Goodson et al. 2004). In addition, it has been reported that BPA
exhibits estrogenic activity in in vitro assays at concentrations of 10-25 nM
(2-5 ng/mL), competing with estradiol for binding to estrogen receptors
(Krishnan et al. 1993). Moreover, using oral administration, studies in vitro
on mice (vom Saal et al. 1998) have shown that a BPA dose of 2 ng/g of
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body weight affected the size of reproductive organs of male offspring fed
by this substance during pregnancy, and a dose of BPA 20 ng/g of body
weight significantly decreased efficiency of sperm production by 20%
relative to control males.

Thus, the detection and the determination of phenol and phenol
derivatives in ecosystems, food, beverages, and biological samples, as
urine and blood, are imperative necessities. For the measurement of the
concentration of phenolic compounds many methods, such as colourimetry,
gas chromatography, liquid chromatography, capillary electrophoresis
and spectrophotometric analysis, have been developed. However, these
techniques require tedious procedures for sample preparation and well-
trained technicians. This limits the application of these methods in routine
measurements and in the screening on-site of these pollutants. For these
reasons, the electrochemical detection of phenolic compounds by means
of biosensors has received much attention because of their simplicity, high
sensitivity and quick detection (Li et al. 2005; Tembe et al. 2006; Zhang et
al. 2009). Amperometric biosensors, based on oxidoreductase enzymes,
tyrosinase or laccase in particular, have been proved to be sensitive and
convenient tools for this purpose (Tillyer and Gobin 1991; Wang et al. 1994;
Liu et al. 2000; Wang et al. 2000a; Li et al. 2005). Oxidoreductases catalyse
two reactions: an ortho-hydroxylation of phenols to Catechol and a further
oxidation of Catechols to ortho-quinones, both in the presence of molecular
oxygen, according to the following scheme:

oxidoreductase

Phenol + O,— Catechol

oxidoreductase

Catechol + O,———0-quinone

The strong oxidizing power of oxygen makes the overall reaction
irreversible. In biosensors the electrochemical reduction of the enzymatic
reaction product, the o-quinone, is used as a detection reaction by which an
electrical signal proportional to the phenol concentration is obtained.

0-Quinone + H* + 2e- ———» Catechol

It should be mentioned that the Catechol produced in the electrochemical
reaction is also taking place in the enzymatic reaction, so that an “enhancing
effect” is observed.

In Fig. 5.1 a scheme of functioning of a tyrosinase-based electrode is
reported.

In this chapter we present a survey of some our results obtained with
different electrodes types utilizing immobilized laccase or tyrosinase
for the determination of Catechol and Bisphenol A. For the Catechol we
used laccase immobilized on graphite rods or tyrosinase entrapped in
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Figure 5.1. Schematic representation of the oxidoreductase reaction at the interface tyrosinase
based biosensor and phenol polluted aqueous solution. Origin of the electrical response.

carbon paste with different concentration of thionine, as mediator. For
BPA, tyrosinase was entrapped in a carbon paste mixture in the presence
or absence of thionine. The electrochemical response of our electrodes is
compared, when possible, with the results obtained by other authors. The
way in which the performance of our biosensors can be improved is also
indicated.

APPARATUS AND METHODS

Regardless of the used enzymes and of the target EDCs, two types of
electrodes were employed: the first type, denoted by A, was a carbon rod
properly activated to bind the enzyme; the second type, denoted by B, was
a carbon paste in which the bioelement was entrapped, in the presence
or absence of thionine, which was used as mediator for the enzymatic
reaction.

The type A electrode operated in FIA mode, while the type B electrode
operated in a batch.

The FIA Electrochemical Cell

The electrochemical cell was a three electrode cell where the enzyme
modified graphite electrode, a graphite rod (4 mm in diameter) purchased
from Agar Scientific (Agar Scientific Limited, 66a, Cambridge Road
Stansted, Essex CM24 8DA, England), acted as a working electrode
and the platinum electrode (type M241Pt) as a counter electrode. All
measurements were carried out versus an Ag/AgCl reference electrode
(type REF321), kept at —100mV versus the working electrode. The platinum
and the Ag/AgCl electrodes were purchased from Radiometer Analytical
(Radiometer-Analytical. SAS,Villeurbanne CEDEX, Lyon, France). The
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potential difference was ensured by means of a low current potentiostat/
galvanostat model 2059 from Amel (Amel, Milan, Italy) interfaced to a
PC through a board (PCI-6221) purchased from National Instruments
Corporation (National Instruments, Austin, TX, USA). Continuous flows
of the washing buffer solution (0.1M sodium acetate, pH 5.0; T=25°C) or
of the mixture containing the Catechol to be determined were injected
by means of a peristaltic pump through the electroanalytic cell under the
control of an electrovalve from RS Components (RS Components s.p.a.,
Cinisello Balsamo, Milan, Italy). The injected volume was 200 pL and the
electrical response, constituting the output signal from the biosensor, was
acquired using the Labview software package, purchased from the National
Instrument Corporation (National Instruments, Austin, TX, USA). The
software accounted for the value of the background current, which was
continuously subtracted from the subsequent value of the measurement.
The electrical current produced by the oxidation of the substrate by the
immobilized enzyme is proportional to the reaction rate, which, in turn, is
function of the substrate concentration.

Three electrode types, indicated by A1, A2 and A3 in dependence of the
employed enzyme immobilization method, have been used. The enzyme
immobilization phase for all electrode types was preceded by a cleaning
operation of the electrode surface using gamma alumina powder, after which
the electrode was washed and sonicated in a 5% (v/v) ethanol aqueous
solution. Enzyme immobilization on the electrode Al was carried out by
absorption, while it was performed through covalent bond on electrodes A2
and A3. In the latter cases, Hexamethylendiamine (HMDA) was used as a
spacer to bind the enzyme to the functional carboxylic groups induced on the
graphite electrode by treatment under a potential difference (A2 electrode)
or with nitric acid (A3 electrode). The procedure to immobilize the laccase
on the activated graphite rods are illustrated in Fig. 5.2. All details on the
assemblage of the apparatus and on the type of electrical response of the
biosensors are reported in Portaccio (Portaccio et al. 2006).

The Batch Electrochemical Cell

All experiments were conducted in a three electrode electrochemical cell
with a volume of 10 mL (0.1M phosphate, pH 6.5, containing 0.1M KCl)
with the enzyme modified carbon paste electrode (electrode type B) as the
working electrode, the Ag/AgCl electrode as the reference electrode and the
platinum wire as an auxiliary electrode. The working electrode was operated
at —150 mV and the transient currents were allowed to decay to a steady-
state value. A magnetic stirrer and a stirring bar provided the convective
transport in the electrolytic cell. Four sub type of B electrodes were used: B1,
B2, B3 and B4. The first three electrodes had the same composition: carbon
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Figure 5.2. Functionalization, activation and enzyme immobilization on carbon rods employed
as working electrode (Electrode A2 and A3) in an electrochemical cell operating under FIA
mode.

powder, mineral oil and tyrosinase. The differences were in the percentage
of tyrosinase, whereas the ratio between the carbon powder and the mineral
oil was constant and equal to 1.25. This means that the B1 electrode type
was constructed by mixing 2.5% of enzyme, 54.1% of carbon powder and
43.4% of mineral oil; the B2 electrode type was constructed by mixing 5.0%
of enzyme, 53% of carbon powder and 42% of mineral oil; the B3 electrode
type was constructed by mixing 10.0% of enzyme, 50% of carbon powder
and 40% of mineral oil. The resulting pastes were packed into the well of
the working electrode constituted by a Teflon tube (3 mm in diameter) with
an electrical contact provided by a copper wire.
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Concerning the preparation of the B4 electrode type the carbon paste
was prepared by hand mixing graphite powder, thionine (when it was the
case), mineral oil and tyrosinase in an appropriate weight ratio. The resulting
pastes were packed into the well of the working electrode constituted, as
usual, by the Teflon tube (3 mm in diameter) with an electrical contact
provided by a copper wire. The Teflon tube, this time, was packed with
a double layer of carbon paste: an inner layer containing only graphite
powder mixed to mineral oil, and an outer layer composed of carbon paste,
tyrosinase and thionine (when indicated). The inner layer (about 2/3 of
total volume) was prepared by mixing 60% of graphite powder and 40%
of mineral oil, for a total weight of 4.8 mg. The outer layer (about 1/3 of
the total volume) with a total weight of 2.5 mg, was prepared by a carbon
paste obtained from two steps. During the first step, 600 mg of graphite
powder are mixed for 10 min with 1mL of thionine (ImM or 10 mM), and
the thionine modified powder was put in an oven at 60°C for about 15 hr.
In the second step, the thionine/graphite powder was mixed with mineral
oil and tyrosinase in the ratio (w/w) of 50:40:10, respectively. For each
electrode we used about 0.25 mg of tyrosinase which correspond to about
500 U. To prepare thionine free electrode we followed only the second step,
mixing graphite powder, mineral oil and enzyme in the ratio used before.
All details on the assemblage of the apparatus and on the type of electrical
response of the biosensors are reported in Mita (Mita et al. 2007) and in
Portaccio (Portaccio et al. 2010).

RESULTS AND DISCUSSION
FIA Electrochemical Cell Results

As previously reported the FIA electrochemical cell was used to determine
with the electrodes of A type the Catechol concentration in aqueous
solutions. Once established that the optimum value of the peak current
for our biosensors occurs at pH 5.0, in order to obtain calibration curves
for each biosensor type experiments were conducted at different Catechol
concentration at pH 5.0 and at T= 25°C. The results are displayed in Figs.
5.3A, B and C, where the calibration linear range of each biosensor type
is reported as value of the peak current as a function of the Catechol
concentration. Figure 5.3A refers to biosensor Al, Fig. 5.3B to biosensor
A2, and Fig. 5.3C to biosensor A3, respectively. In each of these figures,
the inset represents the electrical response obtained in correspondence of
the whole explored Catechol concentration range. The results in Figs. 5.3A,
B and C clearly show that: (1) the electrical response for each of the three
biosensor types resembles the Michaelis-Menten behaviour; (2) there are
remarkable differences in the extension of the calibration curves and in the
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Figure 5.3. Linear calibration range for Catechol determination in a FIA electrochemical cell
using biosensors type Al (A), type A2 (B) and type A3 (C). The insets are the reproduction of
the biosensors electrical responses for a large Catechol concentration.
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sensitivities. The sensitivities, as well known, are the slopes of the calibration
curves. In particular we obtained a sensitivity equal to 9.7 pA/mM,
196 nA/mM and 490 pA/mM for Al, A2 and A3 biosensor, respectively.
The values for A2 and A3 biosensor types are higher than those obtained
by other authors. In fact, Haghighi et al. 2003 obtained for sensitivity a
value equal to 68.6 pA/mM, while Freire et al. (2001) and Gomes and
Rebelo (2003) reported still lower values equal to 16.1 pA/mM and 0.2 pA/
mM, respectively. Concerning the linear range extension, an interval up to
2 mM has been obtained for Al biosensor while for A2 and A3 biosensors
resulted in a range of up to 0.1. Our data show that sensitivies are higher
when the laccase is covalently bound to the electrode in comparison to the
value obtained with the adsorbed laccase. The opposite is true when the
extension of the linear range is considered. When the apparent electrical
K_ values, obtained from the Michaelis-Menten curves, are reported as a
function of the sensitivities, the results reported in Fig. 5.4 emerge. The
data in Fig. 5.4 clearly show that small values of sensitivity correspond to
high values of the electrical constant K, i.e. to small affinity values. On
the contrary, high values of sensitivity correspond to high values of the
electrical affinity, i.e. to small values of K_. It is therefore evident that, in
order to design laccase-based biosensors for the determination of phenolic
compounds (such as Catechol), one must adapt the immobilization method
depending on the required performance: high sensitivity or high extension
of the calibration linear range.

Electrode A1

Electrode A2
Electrode A3

1
0 100 200 300 400 500
Sensitivity (WA/mM)

Figure 5.4. Values of the electrochemical affinity constants, calculated from the Michaelis—
Menten electrical behaviour of each biosensor (insets in Fig. 5.3), as a function of respective
sensitivity.
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Batch Electrochemical Cell Results

As previously reported the batch electrochemical cell was used with the
electrodes of B type to separately determine the Catechol or Bisphenol
A concentrations in aqueous solutions. In particular, with the B1, B2 and
B3 electrodes we have studied the electrochemical response to BPA in the
concentration range from 3 to 20 pM. The results of this investigation are
displayed in Fig. 5.5A, where the electrochemical currents are reported as
a function of BPA concentration for three different enzyme percentages.
Data in Fig. 5.5A show that: (i) each electrode type displays their own
linear behaviour; (ii) at each BPA concentration the electrochemical signals
are not linear function of enzyme concentration, but increase faster than
enzyme concentration (Fig. 5.5B). This behaviour indicates that under the
conditions used to prepare the electrodes, no protein-protein interactions
occurred. Similar results have been obtained by other authors (Erdem et
al. 2000) who observed a non-linear increase in electrochemical signal
when different percentages of horseradish peroxidase were entrapped in
a carbon paste electrode. The same non-linear behaviour is observed when
the slopes of the straight lines in Fig. 5.5A (i.e. the electrode sensitivities:
10.02 nA pM™ for 2.5% tyrosinase, 22.82 nA uM™! for 5% tyrosinase and
64.48 nA uM for 10% tyrosinase) are reported (Fig. 5.5C) as a function
of enzyme concentration in the carbon paste. The results above appear to
indicate that it is possible to modulate both the electrochemical response
of a carbon paste biosensor to BPA and its relative sensitivity on the basis
of the amount of immobilized tyrosinase, and consequently on the basis of
the carbon paste composition.

The next step in the study involved the modulation of the electrical
tyrosinase carbon paste response by different thionine concentration. To
this aim the B4 electrode type was used in the electrochemical batch cell it
represented . Thionine is an artificial organic dye derivative of phenothiazine,
and it is used as a mediator since its formal potential is between 0.08
and —0.25 V, near the redox potential of many biomolecules (Shobha
Jeykumari et al. 2007). Cosnier (Cosnier et al. 2001) reported the mediated
electrochemical detection of Catechol using thionine covalently bound to
a poly(dicarbazole) backbone. Thionine has also been used as polythionine
by means of electropolymerization of the monomer. Dempsey (Dempsey
et al. 2004) developed a biosensor using thionine electropolymerized on a
glassy carbon electrode in the presence of tyrosinase for the detection of
synthetic estrogens (BPA) and phenolic compounds.

To study the effects induced by the presence of thionine three different
working electrodes have been built, varying the thionine concentrations
(0, 1mM and 10 mM) and leaving constant the amount of graphite powder,
mineral oil and tyrosinase. Fig. 5.6A shows the results obtained using the
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Figure 5.5. Results with the electrodes B1, B2 and B3 operating in a batch electrochemical cell
for determination of BPA.

(A): Linear calibration range for each electrode type: Currents as a function of BPA
concentration.

(B): Currents measured at fixed BPA concentration by means of the three electrodes
characterized by the different amount of entrapped enzyme: 2.5% (electrode B1), 5%
(electrode B2) and 10% (electrode B3).

(C):  Sensitivity of each biosensor as a function of the amount of entrapped enzyme:

2.5% (electrode B1), 5% (electrode B2) and 10% (electrode B3).
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Repeatability and linearity with the analyte concentration. Current responses to

catechol (dotted lines) and to BPA (continuous lines) at thionine free electrode (curves

(B):

1), at ImM thionine electrode (curves 2) and at10mM thionine electrode (curves 3).
Linear calibration curves for Catechol (m,0) and BPA (e,0). The full symbols refer to

biosensors constructed with thionine in the carbon paste; the empty symbols refer
to biosensors constructed without thionine in the carbon past.

three electrodes subjected to a work potential of —200 mV when Catechol
was used as analyte. Once the background current was measured, four

injections of standard amounts of Catechol were added: the first two
equal to get a final concentration of 7.5 uM, for each injection, to assess the
repeatability of the biosensor response. The third and the fourth injection
were to reach a final concentration of 30 pM and 52.5 pM, respectively, in

© 2012 by Taylor & Francis Group, LLC


http://www.crcnetbase.com/action/showImage?doi=10.1201/b12775-6&iName=master.img-010.png&w=261&h=363
http://www.crcnetbase.com/action/showImage?doi=10.1201/b12775-6&iName=master.img-010.png&w=261&h=363
http://www.crcnetbase.com/action/showImage?doi=10.1201/b12775-6&iName=master.img-010.png&w=261&h=363

86  Biosensors and Environmental Health

order to assess the proportionality of the electrical signal to the analyte
concentration. Repeatability and proportionality were clearly shown for
each of the three electrodes. As expected, equal injections give signals
equal within 3% and proportional electrode prepared with ImM thionine
produces higher current values than those observed with the thionine-free
electrode or those obtained with the electrode prepared with 10mM thionine.
The average response time was about 100 s. Analogous results (still in
Fig. 5.6A) have been obtained when BPA was used as analyte in the same
concentration used before for Catechol. In this case the average response
time was about 200 s. Comparison among curves in Fig. 5.6A indicates that:
(1) the electrical currents in the presence of Catechol are higher than those
measured with BPA, Catechol being a better substrate of tyrosinase enzyme
as reported in literature (Andreescu and Sadik 2004; Mita et al. 2007); (2)
the electrodes modified with thionine give higher responses, demonstrating
the electrocatalytic properties of thionine towards the reaction product of
BPA with tyrosinase.

Having ascertained that thionine increases the biosensors response
and that the highest increase is obtained at the concentration of 1 mM, we
prepared two electrodes one with ImM thionine and the other thionine-
free in order to obtain linear calibration curves for both analytes. In Fig.
5.6B the responses of the two biosensors are displayed as a function of
the analyte concentration. In the case of Catechol for both electrodes the
detection limit is 0.15 pM, calculated according to the standard definition
S/N =3, where S is the current signal and N is the noise. The linear range
is from 0.15 to 75 uM, while the sensitivity is 139.6 nA/ uM or 104.4 nA/
M for 1 mM thionine (o) or thionine-free (m) electrode, respectively. It is
worth mentioning that the sensitivity values obtained for our biosensors
are higher than those reported in the literature for Catechol: 114 nA/ uM
(Li et al. 2006), 70.2 nA/uM (Rajesh et al. 2004) or 26.23 nA/ pM (Wang
and Dong 2000).

In Fig. 5.6B we have also reported (as a function of the analyte
concentration) the responses of the two biosensors when BPA was used as
analyte. For both the electrodes the detection limit is 0.15 uM and the linear
range is from 0.15 to 45 pM, while the sensitivity is 85.4 nA/ uM or 51.1
nA/ pM for 1 mM thionine (o) and thionine-free (®) electrode, respectively.
Also in the case of BPA, it is worth mentioning that the sensitivity values
displayed by our biosensors are higher than those reported in the literature
for BPA by Andreescu (Andreescu and Sadik 2004) (S=20.91 nA /uM) or by
Dempsey (Dempsey et al. 2004) (S = 0.4 nA/pM), who also used thionine
as an electrochemical mediator or also those reported in the literature for
phenol compounds: 17.1 nA/pM (Rajesh et al. 2004) or 2.42 nA /pM (Wang
et al. 2000).
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The intraelectrode repeatability never exceeded the 2% (n = 5) while
the interelectrode reproducibility was around 7%. Concerning the stability,
the carbon paste electrode was stable for about 1 mon of working. The
electrodes were discarded when their response to a Catechol solution of
5uM decreased 7% relative to the initial one.

Before concluding we describe an experiment in which the functioning
of our B4 thionine-based biosensor is validated during a bioremediation
process of an aqueous solution polluted by BPA. 10 mL of 1 mM BPA
aqueous solution were allowed to react in a bioreactor with a membrane on
which laccase was immobilized. The immobilization method and the modus
operandi of bioreactor are illustrated in Mita et al. 2009. At zero time 200puL
were withdrawn from the reaction vessel for subsequent analysis. 100 pL of
those were diluted in 10 mL of buffer solution and put in contact with the
biosensor, while 25 pL were processed in the HPLC. Every 10 min the same
operation was repeated until 100 min. In Fig. 5.7 the average results of five
experiments are reported. Data in the figure show: (i) the time decrease of
the current intensity measured by the biosensor during the bioremediation
process (continuous line and right scale); (ii) the time decrease of BPA
concentration (left scale) as measured by HPLC (o) and as obtained from
the respective calibration curve reported in Fig. 5.6B. It is interesting to note
how: (i) a reduction of 29% in the current value corresponds to a reduction
of 25% in the concentration value; and (ii) the BPA concentration values
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Figure 5.7. Time decrease of BPA concentration during experiments of bioremediation with
laccase immobilized. Measure of BPA concentration were simultaneously done by Biosensor
B4 (right scale and e) and by HPCL (left scale and o).
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measured by HPLC are very similar to those obtained from the calibration
curve. The conclusion is that the functioning of our thionine-tyrosinase
based biosensor appears to be excellent.

CONCLUSIONS

Determination of Catechol and Bisphenol A concentrations in aqueous
systems has been carried out with seven types of different biosensors
constructed ad hoc. As carriers for enzyme immobilization functionalized
carbon rods or activated carbon paste of difference composition have
been used. Laccase or tyrosinase, in the presence or absence of thionine,
were used as biological recognition elements. For all the biosensors types
linear calibration curves were obtained. The electrical parameters of our
biosensors, i.e. sensitivity, extension of the linear range and detection limit,
resulted comparable to or, in some cases, better than those found in the
literature.

To end the B4 biosensor has been successful applied in following an
experiment of bioremediation of water polluted by BPA. No significant
differences were found when the measure of the decrease of BPA during
the time was performed with biosensors or by the means of an HPLC.

APPLICATIONS TO OTHER AREAS OF HEALTH AND
DISEASE

Other specific areas of interest are: Endocrinology, General and Comparative
Endocrinology, Toxicology, Ecotoxicology, General Pathology, Food Science,
Packaging, Immunology, Haematology. The reasons for this interest are
mainly because Bisphenol A and Catechol are xenoestrogens of phenolic
origin widely present in the environment and in living organisms.
For example BPA and other endocrine disruptors have been found in
biological samples, blood and urine, and also in people apparently healthy.
Endocrine disruptors reach the humans mainly through diet and also at
low concentrations induce severe pathologies ranging from reproduction to
cancer, from neurological and cardiac disorders to infertility. The molecular
mechanisms by which these chemicals act on living organisms are based on
their ability of interfering with the endocrine system and for this reason they
are named endocrine disruptors chemicals (EDCs). Just to give an example,
we recently published (Signorile et al. 2010) the occurrence of endometriosis
in mice exposed to Bisphenol A during their prenatal life and lactation.
On the basis of these considerations it is important to determine the
EDCs in the environment and in biological fluids, such as urine and blood, of
living organisms. Classical analytical methods (HPLC, GC-MS, and HPLC-
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MS/MS) are expensive, require skilled operators and are time consuming
for samples treatment. On the contrary, the employment of biosensors is
becoming a competitive measurement technique either in the environment
or in living organisms. Few papers have been published on the construction
of biosensors for Catechol and Bisphenol A.

KEY FACTS OF BIOSENSORS AND ENDOCRINE
DISRUPTORS

The release of some chemical pollutants such as pesticides, flame
retardants, alkylphenols, polychlorinated biphenyls, phthalates and
metals into the environment has increased in recent years.

Some of these substances are called “endocrine disruptors” (EDCs)
due to their ability to interfere with hormonal activity.

EDCs are harmful even at very low doses. In both animals and
humans, these compounds lead to increased incidence of endocrine-
related cancers, increased risk of cardiovascular diseases, reduced
fertility and changes in developmental processes.

Foetuses and children are living organism that are mainly at risk.
Endocrine disruptors reach living organisms through the air, soil,
water and food.

The detection and the determination of phenol and phenol derivatives
in ecosystems, food, beverages, and biological samples, as urine and
blood, are of great importance.

The EDCs detection is currently done using classic analytical
techniques such as gas chromatography (GC) and HPLC. Mass
spectrometry is also considered as a useful technique. However, all
these technologies are expensive and time-consuming.
Electrochemical biosensors, on the contrary, represent a rapid and
less expensive method and have the advantage of high sensitivity,
potential for miniaturization, and the possibility of in situ analysis.

DEFINITIONS

Endocrine Disruptors Chemicals: An endocrine disruptor is a synthetic
chemical product, when absorbed into the body, mimics or blocks
the action of hormones, and disrupts the body’s normal functions.
This disruption takes place altering normal hormone levels, halting
or stimulating the production of hormones, or changing the way by
which hormones travel through the body, thus affecting the functions
controlled by these hormones. Chemicals known as human endocrine
disruptors include diethylstilbesterol (the drug DES), dioxin, PCBs,
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DDT, and some other pesticides. Many chemicals, particularly
pesticides and plasticizers, are suspected endocrine disruptors on
the basis of studies on animal models.

®  Bisphenol A: Commonly abbreviated as BPA, is an organic compound
with two phenol functional groups. It is used to make polycarbonate
plastic and epoxy resins, along with other applications. The estrogenic
activity of BPA is known since the mid 1930s. Concerns about the use
of Bisphenol A in consumer products were regularly reported since
2008 after several governments issued reports questioning its safety.
A 2010 report from the United States Food and Drug Administration
(FDA) raised further concerns regarding exposure of foetuses, infants
and young children. In September 2010, Canada became the first
country to declare BPA as a toxic substance. In the European Union
and in Canada the employment of BPA in polycarbonate baby bottles
has been recently banned.

® Catechol: Known as pyrocatechol or 1,2-dihydroxybenzene, is an
organic compound with the molecular formula C.H,(OH),. It is
the ortho isomer of three isomeric benzenediols. This colourless
compound occurs naturally in trace amounts. About 20 million kg
are produced annually, mainly as a precursor for the production of
pesticides, flavours, and fragrances.

® Laccase: Laccases are copper-containing oxidase enzymes that are
found in many plants, fungi, and microorganisms. The copper is
bound in several sites: Type 1, Type 2, and/or Type 3. The ensemble
of types 2 and 3 copper is called a trinuclear cluster Laccase and
acts on phenols and similar molecules, performing a one-electron
oxidation, which remain poorly defined. It has been proposed that
laccases play a role in the formation of lignin by promoting the
oxidative coupling of lignols, a family of naturally occurring phenols.
Laccases can be polymeric, and the enzyme active form can be a
dimer or trimer. Other laccases, such as ones produced by the fungus
Pleurotus ostreatus, play a role in the degradation of lignin, and can
therefore be included in the broad category of ligninases.

¢ Tyrosinase: Known also as monophenol monooxygenase, tyrosinase
is an enzyme that catalyzes the oxidation of phenolic compounds
such as tyrosine. Tyrosinase is a copper-containing enzyme present
in plant and animal tissues and catalyzes the production of melanin
and other pigments from tyrosine by oxidation. The typical reaction
is similar to that occurring during the blackening of a peeled or
sliced potatoes exposed to air. In humans, the tyrosinase enzyme is
encoded by the TYR gene.

*  Flow Injection Analysis: This is an approach to chemical analysis that
is accomplished by injecting a plug of sample into a flowing carrier
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stream. A sample (analyte) is injected into a carrier solution which
mixes through radial and convection diffusion with a reagent for a
period of time (depending on the flow rate and the coil length and
diameter) before the sample passes through a detector to waste. A
peristaltic pump is the commonly used pump in FIA instruments.
FIA can be used for both medical and industrial analyses.

SUMMARY POINTS

Compared with the large number of proposed biosensors for glucose
determination, the production of biosensors for endocrine disruptors
is limited.

The reasons for this probably are based on the little knowledge and
awareness on the documented harmful effects induced by endocrine
disruptors, also at low concentrations, in living organisms.

To fill this gap in this chapter the construction of two types of
biosensors, able to separately determine low concentrations of
Bisphenol A and Catechol, is presented.

Several biosensors, different for their modus operandi, have been
prepared.

One biosensor type operates in FIA mode, the other type in batch.
Laccase and Tyrosinase have been used as biorecognition
elements.

Carbon rods or carbon paste formulations have been used for enzyme
immobilization.

Sensitivity and detection limit have been estimated for each biosensor
type and compared, when possible, with analogous biosensors.

ABBREVIATIONS

BPA Bisphenol A

DDT Dichlorodiphenyltrichloroethane
DES Diethylstilbestrol

EDCs Endocrine Disruptors Chemicals
ERs Restrogen Receptors

FDA Food and Drug Administration
FIA : Flow Injection Analysis

HMDA : Hexamethylenediamine

PCBs Polychlorinated biphenyls

PVC Polyvinyl Chloride
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Biosensors for Detection of
Heavy Metals
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ABSTRACT

Current development of miniature analytical instruments for detecting
heavy metals in various samples is very dynamic. The most interesting
representatives of these instruments are biosensors, which combine the
physico-chemical transducer with biological components. Biosensors
operate on different principles and their preparation can lead to
the acquisition of tools with high sensitivity and selectivity against
individual heavy metal ions or their mixtures. In this chapter, various
types of biosensors divided according to their biological components for
the detection of heavy metals ions are discussed. Generally, biosensors
for heavy metals detection can be divided into two groups, based on
their biological part: i) protein biosensors and ii) biosensors based
on nucleic acids. Biosensors using nucleic acids represent a new and
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quickly developing branch. Protein biosensors can be divided into
enzymatic and affinity ones, while enzymatic biosensors are based on
activation or inhibition of enzymes activity, the affinity biosensors use
specific antibodies. Affinity biosensors using immunodetection belong
to the other method for metal ion determination, which—in comparing
with traditional detection methods - brings certain advantages, such as
high sensitivity and selectivity. They are theoretically useful for other
metal complexes, where the antibody can be prepared. Biosensors
belong to the most powerful bioanalytical tools and represent the
future in development of instruments which can be used in medicine
and pharmaceutical research, environment and BioDefence techniques
and in monitoring of food quality and safety.

INTRODUCTION

Heavy metals belong to the group of substances, which on one hand include
chemical elements beneficial and essential for organism function but on the
other hand elements also with an unascertained biological function which
predominantly cause toxic effects in many organisms. Numerous research
facilities aim their attention at direct effects of heavy metals in various
species. The toxicity of heavy metals is related to the bonding possibility
with different types of biomolecules, which alter their prevalent biological
function and, thus, damage life-sustaining biochemical processes. As a
result, eventually death of the organism may be observed.

Homeostasis, transcription and a lot of other processes are impaired by
the presence of toxic metal ions. Plants are able to survive under metal-ions
toxic conditions thanks to the number of defence mechanisms including
synthesis of phytochelatins (Supalkova et al. 2007). Bacteria, invertebrates
and vertebrates protect themselves against metal ions via synthesis of low
molecular mass proteins rich in cysteine called metallothioneins (Fig. 6.1).
The concentration of metal ions in the environment must be monitored since
they are able to accumulate in organisms through the food chain. Therefore,
finding of rapid, accurate and robust methods, protocols and instruments
for their detection represents a real problem. The development of new
instruments, able to carry out in situ and on-time analysis with sensitivity
close to laboratory equipment, together with their miniaturization is of
great interest. Electrochemistry—due to high sensitivity—offers numerous
methods for metal ions detection. Possibility to miniaturize the whole
detection system, which is then easily portable and able to carry out in situ
analysis, is the second reason to consider electrochemistry. Last but not
least, the combination of a physico-chemical transducer as an electrode with
biological substance is the third reason to choose electrochemistry. In this
way, a biosensor can be designed (Fig. 6.2), which next to the other above
mentioned advantages of electrochemistry, brings to the analytical system
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Figure 6.1. Structure of metallothionein. The N-terminal part of the protein is marked as
a-domain, which has three binding sites for divalent ions. B-Domain (C-terminal part) has
the ability to bind four divalent ions of heavy metals. Due to the property of MT being metal-
inducible and, also, due to their high affinity to metal ions, homeostasis of heavy metal levels
is probably their most important biological function.

Color image of this figure appears in the color plate section at the end of the book.
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Figure 6.2. Principle of biosensor function. Bioreceptor (e.g. enzyme, peptide, antibody) is
properly bond to physico-chemical transducer (electrodes, thermistor, piezoelectric device),
which is able to detect the change in heat, light and mass and others.

the heightened selectivity factor (Kizek et al. 2003). The scheme of design
of the electrochemical biosensor is shown in Fig. 6.3. Other possibilities of
heavy metals biosensing are represented by optical materials in optode form
and surface analysis or detection of temperature, pH or weight changes.
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Figure 6.3. Scheme of adsorptive transfer stripping technique used for detection of heavy metals; (1) renewing of the hanging mercury drop electrode
(HMDE) surface; (2) adsorbing of metal ion binding element (e.g. MT, phytochelatins) in a drop solution onto the HMDE surface; (3) washing electrode
in sodium chloride (0.5 M, pH 6.4) at open circuit; (4) interaction of heavy metal (cadmium and/or zinc) in a drop solution with the protein modified
HMDE surface at open circuit; (5) washing electrode in sodium chloride (0.5 M, pH 6.4); (6) measurement of MT by differential pulse voltammetry
in 0.5 M sodium chloride, pH 6.4.
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BIOSENSORS FOR HEAVY METALS DETERMINATION

Generally, biosensors for heavy metals detection can be divided into
two groups based on their biological part as i) protein biosensors and
ii) biosensors based on nucleic acids. Biosensors using nucleic acids are
a new and rapidly developing branch. The very first publication on this
issue focused on lead (II) ions (Liu and Lu 2003). Protein biosensors can be
divided into enzymatic and affinity ones, which include antibodies-based
biosensors. A short overview of each group and its application for heavy
metals is given in the following sections.

Enzymatic Biosensors

Many families of enzymes such as oxidases, dehydrogenases, phosphatases,
kinases and ureases have been used for heavy metals detection. The
detection is based on activation or inhibition of enzyme activity. Detected
heavy metal ion activates the enzyme in case the ion is a part of the enzyme
structure, or inhibits it when the ion is able to bond to the active centre of
employed enzyme and, thus, inactivates it (Verma and Singh 2005). The
biosensor for zinc (II) ions detection based on phosphatases alkali activation
has been developed because this ion is a component of the enzyme active
centre. The whole system was implemented in micro-injected fluid analysis
coupled with calorimetric sensor. Enzyme was covalently immobilized and
the authors declare that they were able to determine zinc (II) ions within the
range from micromolar to milimolar concentration. The response time was
3 min, which is very important for measurements of larger set of samples.
Furthermore, the authors achieved the notable stability of the biosensor,
which is very important for analysis of samples without losing the sensitivity
and selectivity for a period of longer than 2 mon (Satoh 1991). Biosensors
for heavy metal ions determination based on inhibition of enzyme activity
use more than one enzyme compared to those based on activation. Oxidases
and dehydrogenases belong to the most commonly used enzymes in these
types of biosensors. These enzymes are immobilized due to reticulate
gelatinous film or affinity interaction with a special type of membrane.
For mercury (II) ions determination, L-glycerol phosphate oxidase coupled
with Clarc electrode was used; the detection limit 20 pM was achieved.
The biosensor was able to regenerate using ethylenediaminetetraacetic
acid (EDTA) and dithiothreitol (Gayet et al. 1993). The same authors used
pyruvate monoamino oxidase to compare it with the previous enzymes
and achieved three times lower detection limit (50 nM mercury (II) ions).
It was also possible to regenerate the biosensor by the same chemicals
(Gayet et al. 1993). Furthermore, the biosensor consisting of enzymatic
system including L-lactate dehydrogenase and L-lactate oxidase as the
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substance non-sensitive for heavy metals—was developed and proved to
be a good choice for various metal ions detection. The detection limits were
as follows: 1.0 uM HgCl,, 0.1 uM AgNO,, 10 uM CdCl,, 10 uM ZnCl,, 50
pM Pb (CH,COO0), and 250 uM CuSO, (Gayet et al. 1993; Verma and Singh
2005). This system was also applied for detection of Hg(Il), Ag(I), Pb(I),
Cu(Il) and Zn(II) ions, where Fennouh et al. obtained twice the lower limit
detection as compared with the previous study (Fennouh et al. 1998). It
was possible to regenerate the biosensor in mixture of EDTA, KCN and
dithiothreitol. In addition, inhibitive influence of chromium (III) ions to
L-lactate dehydrogenase, hexokinase and pyruvate kinase was utilized
for chromium (III) sensitive biosensors. Moreover, various interferences
including other metal ions were used in this study and the results were
evaluated using artificial neural networks (Cowell et al. 1995). The specific
inhibition of peroxidase by mercury (II) ions was observed after enzyme
immobilization in chitosan. The attained concentration interval was from
0.02 to 1000 M Hg(II) (Shekhovtsova et al. 1997). Other large groups of
enzymatic biosensors are based on urease. Optical biosensor based on
urease immobilized on glass pores was developed for mercury (II) ions
determination. However, the concentration interval, in which the biosensor
operates, was only from one to 10 pM (Andres and Narayanaswamy
1995). One of the one-shot approaches using urease was established
on combination with ammonia sensitive optode and ammonium ions
sensitive optode. Limits of detection were as follows: Ag (I) 0.18 1M, Hg(II)
0.35 pM, and Cu(Il) 3.94 uM. The study also showed that the above
mentioned metals exhibited synergic effects to inhibition, which was
confirmed by the highest inhibition of metal ions mixture in comparison
with single metals (Preininger and Wolfbeis 1996). lon-sensitive field-effect
transistors (ISFETs) in combination with urease were used besides optodes.
Based on the suggested system the detection limits for Ag(I), Hg(Il) and
Cu(Il) were down to units of uM. Furthermore, the authors succeeded in
finding a way to modify the specific biosensor to be sensitive to Hg(II) only.
The suggested method employs Nal as a masking agent for Ag(I) and EDTA
for Cu(Il) (Volotovsky et al. 1997). Urease inhibition by mercury (II) ions
was also studied using the potentiometric biosensor (Krawczyk et al. 2000).
Interaction between urease and nickel (II) ions is another promising way to
modify the biosensor for heavy metals ion detection (Verma and Singh 2006).
Recently, it was shown that urease system and glutamate dehydrogenase
may be employed for mercury (II), copper (II), cadmium (II) and zinc (II)
ions detection. Amperometric determination was used for the suggested
method (Rodriguez et al. 2004).
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Affinity Biosensors

The wide spectrum of metal-binding proteins from naturally occurring
to artificial ones, prepared by using protein engineering, which is mostly
specific for one metal ion, is used for non-enzymatic or affinity based
biosensors employed for heavy metal ions determination. Heavy metal
binding proteins as SmtA metallothionein, MerR regulation protein, MerP
periplasmatic protein and phytochelatin AC20 are mostly used for biosensors
construction for different heavy metal ions, e.g. mercury (II), copper (II),
cadmium (II), zinc (II) and lead (II) in wide concentration range from fM
to mM. These biosensors have good sensitivity and selectivity, and also
acceptable stability time (approximately 2 wk) besides wide concentration
intervals (Castillo et al. 2004). Biosensors based on synthetic phytochelatin
and electrochemical capacity detection were successfully used for Hg(II),
Cd(II), Pb(IT), Cu(Il), and Zn(Il) ions determination in concentration from
100 fM to 10 mM. Biological component was regenerated in EDTA with
15 d stability (Bontidean et al. 2003). Moreover, phytochelatin 2 was used
for cadmium (II) and lead(Il) ions determination (Adam et al. 2005). The
other approach used in biosensing of heavy metal ions is fusion of SmtA
metallothionen from nostoc (families of cyanobacteria) with glutathione-S-
transferase. Such modified metallothionein demonstrated wide selectivity
to heavy metals (Zn(Il), Cd(Ill), Cu(Ill) and Hg(II)) with high sensitivity
up to M. Glutathione-S-transferase-SmtA electrode was based on electric
capacity determination and it was regenerated with EDTA and stored
for 16 d (Corbisier et al. 1999). Rabbit metallothionein was successfully
employed as a biological agent of biosensor for cadmium (II) and zinc (II)
ions (Adam et al. 2007b), palladium (II) ions (Adam et al. 2007a), silver (I)
ions (Krizkova et al. 2010), and cisplatin (Huska et al. 2009) determination.
Sensitive biosensor for in situ detection of Cu(Il) based on fluorescently
labelled human carbon anhydrase II and optode, was developed by Zeng
et al. Detection limit of this sensor was 0.1 pM. The disadvantage of this
biosensor was its short stability, which was only 12 hr (Zeng et al. 2003).
Changela et al. reported remarkable stability of biosensors using CueR
protein, E. coli transcription activator, on copper (II) ions determination.
These biosensors were able to detect the analyte at concentration of 102
molar, which is on the level of molecules (Changela et al. 2003). Mouse
metallothionein was employed as a fluorescent agent of biosensor for
cadmium (II) ions determination (Varriale et al. 2007). Moreover, mutant of
green-fluorescent protein (GFP) called BFPms1 was prepared using protein
engineering, which was employed for metal ion determination based on
fluorescent characteristics change. Zn(Il) and Cu(ll) were bonded with
this protein, when the zinc(Il) ions bond caused the conformation change
resulting in increasing fluorescent intensity while the copper(Il) ions bond
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scavenged the fluorescent of given mutant protein (Barondeau et al. 2002).
Immunodetection belongs to other method for metal ion determination,
which compared to traditional detection methods has some advantages such
as high sensitivity and selectivity. Such biosensors are theoretically useful for
other metal complexes, where it is possible to prepare the antibody (Verma
and Singh 2005). Monoclonal antibodies were prepared for EDTA complex
with cadmium (II), mercury (II), copper (II), nickel (II), lead (II), cobalt (II),
and silver (I) ions. Prepared antibodies had the highest affinity to Cd(II)
with detection limit 100 uM (Blake et al. 1998). Other authors prepared
monoclonal antibodies for this complex determination with three times
lower detection limit (Khosraviani et al. 1998). In addition, the antibodies for
cobalt (II) and uranium (VI) ions determination using different monoclonal
antibodies specific for complexes of DTPA-Co(II) and 2,9-dicarboxyl-1,10-
phenanthroline-U(VI) were prepared (Blake et al. 2001).

APPLICATION TO OTHER AREAS OF HEALTH AND
DISEASE

Biosensors belong to the most powerful bioanalytical tools and represent
the future in development of instruments, which may be used in medicine,
pharmaceutical research, environmental protection, BioDefence area
and for monitoring of food quality and safety (Fig. 6.4). The increasing
interest of researchers in biosensing is well documented in Fig. 6.5. From
the above mentioned areas, biosensors play an important role in clinical
diagnostics. Platinum complexes were accidently discovered to suppress
cell division and became one of the most successful antitumour drugs
used in chemotherapy of various malignancies. The cytotoxic lesion of
the platinating agents is thought to be the platinum intrastrand crosslink
that forms on the DNA, although treatment activates a number of signal
transduction pathways. Treatment with these agents is characterized by
resistance, both acquired and intrinsic. The relevant biosensor could be a
new tool to study the interaction between platinum based cytostatics and
DNA, which would cast the light on cytotoxicity of these drugs.

Next to medicine, environmental protection is also of great interest. One
of the biggest problems associated with heavy metals in the environment is
their potential for bioaccumulation. Heavy metals can thus be accumulated
through the food chain with the top represented by predators. The food
chain network in the sea, which is one of the most damaged environments,
is shown in Fig. 6.6. Coastal fish (such as the smooth toadfish) and seabirds
(such as the Atlantic Puffin) are often monitored for the presence of such
contaminants. Biosensors help to monitor food safety and quality and to
detect environmental pollution.
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Figure 6.4. Biosensors and their application in different fields of use. This scheme shows
five of the most important areas of interest. Medical applications show the importance in
utilization of biosensor for monitoring diabetic patients” glucose levels, blood gas level and
verification of artificial organs function. The pharmaceutical research industry is driving the
need for new rapid assay biosensors to speed the progress of drug discovery. War or terrorism
demands new rapid detection biosensors against bio warfare agents for military and civil
defence applications. Biosensors also help in monitoring food quality and safety and detect
environmental pollution.

KEY FACTS

* Heavy metal pollution can arise from many sources but usually
comes from the mining and heavy industry.

* Smoking tobacco is the most important single source of cadmium
exposure in the general population.

¢ Coastal fish and seabirds are sensitive to heavy metal bioaccumulation
and thus these species are often monitored.

¢ Platinum complexes (cisplatin, oxaliplatin) are used in chemotherapy,
and show good activity against certain tumours.

* Theblood glucose biosensor is a common example of a commercial
biosensor.

DEFINITIONS

*  Heavy metals: are naturally occurring elements. Some of them (zinc,
coppet, iron) are essential to maintain the metabolism of an organism.
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Figure 6.5. Scientific interest in biosensors. The number of full length articles, reviews, meeting
abstracts and proceedings papers having “biosensor*” in titles, abstracts and keywords per
year according to Web of Science and SCOPUS (5. 1. 2011).

Figure 6.6. Food chain network. Entrance of heavy metals to the sea-food chain and its advance
from plants to herbivores and subsequently to carnivores.

However, others such as cadmium, lead, and mercury are very toxic.
At higher concentrations both groups of heavy metals (toxic and
essential) can cause poisoning.
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Metallothionein: belongs to group of intracellular, low molecular
mass and cysteine-rich proteins with molecular weight from 6 to
10 kDa. MTs consist of two binding domains (a« and p) assembled
from cysteine clusters. Cysteine sulphydryl moieties participate in
covalent bindings with heavy metals.

Enzyme: are proteins that catalyze chemical reaction.

Sensor: is a device that measures a physical quantity and converts it
into a signal which can be read by an observer or by an instrument.
Biosensor: An analytical device comprising a biological recognition
element (e.g. enzyme, receptor, DNA, antibody, or microorganism)
in intimate contact with an electrochemical, optical, thermal, or
acoustic signal transducer that together permit analyses of chemical
properties or quantities. It shows potential development in some
areas, including environmental monitoring.

Monoclonal antibody: an antibody produced by a single clone of cells
(specifically, a single clone of hybridoma cells) and therefore a single
pure homogeneous type of antibody. Monoclonal antibodies can be
produced in large amounts in the laboratory and are a cornerstone
of immunology.

SUMMARY POINTS

From the physiological point of view, heavy metals are elements
with both essential and toxic effects on an organism.

Plants are able to survive under metal ions toxic conditions thanks
to the defence mechanisms including synthesis of phytochelatins.
Metallothionein-cysteine rich protein binds metal ions and, thus,
protecting an organism against their influence.

Electrochemistry represents a suitable technique for metal ions
detection due to its high sensitivity and the possibility to miniaturize
the whole detection system, which is thus easily portable and able
to carry out in situ analysis.

Combination of physico-chemical transducer as an electrode with a
biological substance is suitable way for biosensor design.
Biosensors for heavy metals are divided into two groups based on
their biological part: i) protein biosensors and ii) biosensors based
on nucleic acid.

Protein biosensors are further divided into enzymatic and affinity
(antibodies based) biosensors.

Enzymatic biosensors are based on activation or inhibition of
enzymes activity.

Affinity biosensors are based on detecting of changes in protein
structure due to binding of heavy metal ion.
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ABBREVIATIONS

BFPms1 : Green fluorescent protein mutant

CueR : Copper-responsive Metalloregulatory Protein
DNA : Deoxyribonucleic Acid

EDTA : Ethylenediaminetetraacetic Acid

GFP : Green fluorescent protein

ISFET : Ion-sensitive field-effect transistor

MerR : Metalloregulatory protein

SmtA : Metallothionein protein from Escherichia Coli
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ABSTRACT

Whole cell biosensors allow the detection of a biological effect rather
than the detection of a specific molecular structure which can be done
e.g. by biosensors that are based on antibodies. Whole cell biosensors
are of great interest because they allow a complementary approach to
chemical analysis. With living cells it is possible to address either general
toxicity which can be monitored by the measurement of physiological
parameters or specific toxic effects by making use of biosensors that
are based on reporter gene assays. This chapter focuses on the latter
type of whole cell biosensors and exemplifies the basic concepts on
biosensors for the detection of genotoxicity and endocrine disruption.
Both toxicological endpoints are of concern for human health because
of their long term effects that might contribute to the initiation and
progression of cancer, developmental disorders or, in case of the
endocrine disruptors, impact on reproductive success. The combination
of a gene promoter that is involved in the biological pathway of interest
as a sensor element with a reporter gene for the quantification of the
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promoter activity has a high degree of freedom. Both, the sensor
element and the reporting element can be combined freely according
to the specific (toxic) effect of interest and the measurement technology
of demand. Consequently, a broad variety of different whole cell
biosensors was developed in the past decade—not all of them could
be included in the present chapter.

INTRODUCTION

As per the definition of Lowe (Lowe 2007) a biosensor is “an analytical
device, which converts the concentration of the target substance into an
electrical signal through a combination of biological recognition system
associated with a physico-chemical transducer”. Usually, a biomolecule
like an antibody that specifically binds to an antigen—the analyte—or
an enzyme that is, e.g. inhibited by a specific compound is used for the
“biological recognition”. In these cases the biosensor is specific for target
structures, i.e. single substances or compound classes like pesticides or
heavy metals as described elsewhere in the current book. In this respect
biosensors have to compete with classical analytical methods like coupled
gas chromatography/mass spectrometry.

If intact, living cells are used in a biosensor setup as the biological
entity (whole cell biosensors) instead of isolated biomolecules, a
completely different analytical approach is possible that is most valuable in
environmental science and environmental health. By monitoring the activity
of a living cell that is exposed to an environmental sample it is possible
to detect biological (toxic) effects that might be caused by contaminants
in the sample. Therefore, whole cell biosensors generate complementary
information to chemical analysis and can help to bridge the gap between
chemistry and (eco)toxicology. In addition, whole cell biosensors measure
the toxicity of a sample in an integral manner because the living cells
respond to all contaminants in a mixture that cause same effects even if
some constituents are not yet identified by chemical analysis.

Among whole cell biosensors, the most promising ones to date are
those based on microbia (Su et al. 2011). Eukaryotic cells can be used as
well in a biosensor setup; however, the number of applications is limited.
In general, whole cell biosensors can be divided into two groups that
are based on different principles (Fig. 7.1). The first group of biosensors
detects general physiological changes of the cells with cell death as the
most extreme answer. With the second group of biosensors it is possible to
detect specific toxic effects like genotoxicity or endocrine disruption which
have a higher relevance for human health compared to the former group of
sensors. Whole cell biosensors for the detection of specific effects are based
on the principle of reporter gene assays—the fusion of a sensing element
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Figure 7.1. Schematic overview of the possibilities for biological recognition. The use of whole
cells as the biological part of a biosensor allows the detection of biological effects rather than
the detection of compounds. Biological effects can be detected in terms of general toxicity by
the monitoring of physiological reactions due to an exposition or in terms of specific toxic
effects like genotoxicity or endocrine disruption by making use of tailored bioreporters.
Bioreporters are transformed cells that contain DNA-elements consisting out of a fusion of a
sensing element with a reporting element.

which is most frequently a gene promoter and a reporting element. The
reporting element—e.g. an enzyme coding gene—is expressed under the
control of the sensing element. In general its expression is proportional to the
activation of the biological process in which the sensing element is involved.
Some promoters are activated by specific compounds or compound classes
such as heavy metals. If such a promoter is fused to a reporting element a
compound-specific bioreporter is generated in contrast to an effect-specific
biosensor (Fig. 7.1).

In this chapter the basic concepts for effect-specific whole cell biosensors
will be explained and examples for applications will be given for the
endpoints genotoxicity and estrogenic potential (endocrine disruption).

WHOLE CELL BIOSENSORS FOR THE DETECTION OF
GENOTOXICITY

Genotoxicity is linked to the terms mutagenicity and cancerogenicity.
Environmental pollutants like polycyclic aromatic hydrocarbons (PAHs),
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nitroarenes or heterocyclic aromatic amines are genotoxic. Some of these
compounds are persistent and bio-accumulative in addition. Therefore, the
toxicological endpoint genotoxicity is highly relevant for environmental
and human health.

The genotoxic potential of pure compounds and environmental samples
can be evaluated by various in vitro bioassays based on both, eukaryotic
and prokaryotic cells. A large number of different methods use a SOS-
dependent reporter gene assay in which a LexA-responsive promoter
like recA, sulA or umuDC is fused to a reporter gene. Alternatively, SOS-
independent promoters like alkA which is induced by DNA-alkylation can
be used as well. The nature of the reporter gene is variable allowing the use
of various detection techniques for the quantification of the reporter gene
expression. Very often colorimetric assays are used in which the reporter is
an enzyme that catalyzes the reaction of a colorless substrate to a colored
product. Examples for such reporters are the alkaline phosphatase (phoA)
or the p-galactosidase (lacZ) (Quillardet et al. 1982). With respect to a
biosensor application a colorimetric detection is comparatively complex.
Therefore, most of the biosensors that are described in literature are
based on bioluminescence, fluorescence or direct amperometric detection
(Table 7.1). The integration of cells with the already mentioned reporter
genes lacZ or phoA in a biosensor context is possible by the use of a substrate
the reaction product of which can be oxidized. The basic biological and
chemical processes of a bacterial whole cell biosensor for the detection of
genotoxic effects by an amperometric quantification of the reporter gene
activity is shown schematically in Fig. 7.2. After the exposition to the model
genotoxicant 6-nitrochrysense (6-NC) the bacterial SOS-response is initiated
resulting in the expression of the SOS-genes and the reporter gene lacZ
because of its fusion to a SOS-responsive promoter. The electrochemical
signal detection of the lacZ expression is possible via para-aminophenyl-f-
D-galactopyranoside (pAPG) which enters the cell without disruption of
the cellular structure (Biran et al. 2000). The glycosidic bond of the pAPG
is cleaved by the reporter enzyme B-galactosidase under the formation of
galactose and para-aminophenol (pAP). The generated pAP is converted
electrochemically by a two electron oxidation to para-quinonimine. Matsui et
al. 2006 demonstrated electrochemical signal detection after SOS-induction
with 2-(2-furyl)-3-(5-nitro-2-furyl)acrylamide (AF-2), mitomycin C (MMC)
and 2-aminoanthracene (2-AA) by scanning electrochemical microscopy
of collagen embedded Salmonella typhimurium TA1535 pSK1002 (Matsui et
al. 2006). According to the authors this approach resulted in considerable
lower detection limits for the analyzed compounds compared to the
standard in vitro assay that is performed in microtiter plates. However, direct
electrochemical signal detection instead of the scanning electrochemical
microscopy is preferable since the use of a simple set of electrodes would
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Table 7.1. List of sensor elements and reporter elements which are used in biosensor applications for the detection of genotoxicity.

Sensor elements Reporter elements
Promoter | Function of native target Gene Protein Substrate | Transducer |Signal Literature
gene function
recN double stranded DNA phoA alkaline pAPP electrode | amperometric |Ben-Yoav et al. (2009)
break repair phosphatase
recA - RecA recombinase pAPG Matsui et al. (2006)
umuDC | Q| DNA polymerase V lacZ B-galactosidase |galacton photo  |light/(chemo)
% (error prone DNA detector |luminescence
2 repair)
sulA | 2 inhibition of cell Tuc luciferase luciferin light/ (bio) Fine et al. 2006*
£ division luminescence
cda ™| colicin D (inhibition luxAB luciferase RCHO Ptitsyn et al. (1997)
of bacterial protein Polyak et al. (2001)
synthesis) Baumstark-Khan et al. (2007)
alkA N3-methyladenine DNA luxCDABE |luciferase -
" glycosylase II (repair of + substrate For review see:
O DNA alkylation) regeneration Woutersen et al. (2010)
nrdA CE')D ribonucleoside gy green - light/ Norman et al. (2005)
.| diphosphate reductase fluorescence fluorescence
9 protein
2 uidA glucuronidase |FD-GlcU Dreier et al. (2002)
o
3

In principle every sensor element (i.e. promoter) can be combined with every reporter element in order to tailor a fusion construct according to
demand and application; literature is given for the various reporter elements. For a more detailed overview see (Biran et al. 2009). pAPP: para-
aminophenolphosphate; pAPG: para-aminophenol-p-D-galactopyranoside; galacton: 1,2 dioxetane substrate containing a glycosidic bond to
galactose; RCHO: long-chain aliphatic aldehyde; FD-GlcU: fluorescein di-p-d-glucuronide, *in combination with an estrogene responsive element

for the detection of estogenic activity.

© 2012 by Taylor & Francis Group, LLC

TIT  YHvoH [vsuswuosoud of suoyvoyddy :siosuasorg 1100 ajoym



112 Biosensors and Environmental Health

Bacterial cell
Q) @ 50
- O
6-NC Ny Or O © O RecA
DNA

umu-promoter

. i SN
B Galact051dase\ »4 @ w

@ .. LexA lacZ
@

Q Counter Electrode
o]

Working Electrode \ NHZ/'@
S— ze

Figure 7.2. Detection of genotoxicity by an amperometric whole cell biosensor (scheme). (1)
The genotoxic compound 6-nitrochrysene (6-NC) enters the bacterial cell. (2) The 6-NC is
metabolized within the bacterial cell and forms bulky DNA-adducts which results in sections of
single stranded DNA because of, e.g. stalled replication forks. (3) The protein RecA polymerizes
at the single stranded DNA. (4) The RecA-filament induces the cleavage of the transcriptional
repressor LexA. (5) The reporter plasmid contains a fusion of the LexA-dependent umu-
promoter and lacZ that encodes the enzyme p-galactosidase. After the cleavage of LexA the
promoter is released and lacZ is expressed. (6) para-aminophenol-B-D-galactopyranoside
(pAPG) enters the cell and its glycosidic bond is cleaved by the expressed B-galactosidase. (7)
The reaction product para-aminophenol (pAP) diffuses out of the bacterial cell and is oxidized
at the surface of the working electrode to para-quinonimine. The resulting current between the
working electrode and the counter electrode is proportional to the induction of the bacterial
SOS-response and thus a measure for the genotoxicity of the sample.

greatly reduce the complexity, size and costs of such a biosensor. As shown
in Fig. 7.3 the electrochemical detection can be done with simple, commercial
screen printed electrodes (SPE) that consist out of a working electrode at
which the reaction of interest takes place, a counter electrode for a closed
electrical circuit and an electrode with a stable half cell potential, e.g. Ag/
AgCl, that serves as a reference to adjust the potential of the working
electrode. After the exposition of the bacteria to the genotoxic compound
2-amino-3-methylimidazo[4,5-f]quinoline (IQ)—a pyrolysis product of
proteins that is formed by frying of fish or meat and is detectable in rivers
—the electrochemical signal detection is started by the addition of pAPG
that is cleaved to pAP by the reporter enzyme B-galactosidase. No pAP
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Figure 7.3. Chronoamperometric measurement of Salmonella typhimurium TA1535 pSK1002
exposed to 2-amino-3-methylimidazo[4,5-f|quinoline (IQ). (A) The substrate pAPG was added
at time point zero to exposed bacteria and the electric current between the working- and
the counter electrode was monitored over 600 s using a screen printed electrode connected
to a potentiostat. The potential of the working electrode was applied to 400 mV against
Ag/AgCl (reference electrode). (B) Dose response relationship for IQ derived from the
chronoamperometric measurement. The induction factor is the quotient of the slope (dI/dt)
over the respective slope of the negative control. Data points show the mean + SD of eight
independent measurements (unpublished data).

can exist at the surface of the working electrode if a suitable potential is
applied, because every pAP molecule is immediately oxidized. Therefore,
the concentration of the pAP at the working electrode is zero and raises
with increasing distance to the electrode until the concentration of the
bulk solution is reached. The current that is generated by the oxidation
of the pAP is proportional to the diffusive flux of the pAP towards the
electrode and thus proportional to the concentration gradient of pAP. At
the beginning of the measurement the concentration of the pAP in the bulk
solution rises and consequently the concentration gradient that drives
the diffusion. The formation of pAP is of pseudo-zero-order and depends
only from the concentration of the reporter enzyme p-galactosidase if the
PAPG concentration is high enough to guarantee substrate saturation of the
enzyme. Because of this the concentration of the pAP increases over time
proportional to the concentration of the reporter enzyme the expression of
which is controlled by the strength of the SOS-response, i.e. the strength of
the genotoxic stress. The pAP concentration in strongly induced bacteria
increases faster compared to weak inductions or uninduced bacteria and
therefore the slope dI/dt is a measure for the genotoxicity of a sample.
This behavior is demonstrated in Fig. 7.3A. It is evident, that the slope
of the electrical current over time (chronoamperometric measurement)
increases with the concentration of the genotoxic compound IQ. Usually,
the results of reporter gene assays are expressed as induction factors. For the

© 2012 by Taylor & Francis Group, LLC



114  Biosensors and Environmental Health

chronoamperometric measurement the induction factor is the quotient of
the slope dI/dt of induced bacteria over the respective slope of the negative
control (uninduced bacteria). Figure 7.3B shows a dose response relationship
in terms of induction factor versus IQ concentrations that was derived from
biosensor measurements. The construction of an amperometric biosensor
based on miniaturized p-electrodes with reaction volumes in the nl-range
was reported by (Ben-Yoav et al. 2009).

One of the key elements that determine the sensitivity of biosensors
that are based on reporter gene assays is the ratio of the reporter gene
expression in induced and uninduced cells. In general every promoter has
its basal activity, even in an inactive state. In case of the LexA-dependent
promoters of the SOS-response this is due to the reversible and imperfect
binding of the transcriptional repressor LexA to its DNA-binding motive
called SOS-box. The various SOS-promoters differ in number, sequence and
position of this SOS-box. The binding affinity of LexA to the promoter and
thus the repression of the promoter increases with the number of binding
motives and their homology to the consensus sequence of the SOS-box. On
the other hand, the activity of a promoter that is to be used as the sensing
element in a biosensor should be high after induction. The TATAAT-box
at position —10 base pairs upstream of the initiation of transcription and
the TTGACA-box at position -35 are DNA-sequences which drive the
activity of a bacterial promoter. If these motives show a high homology to
the consensus sequence the promoter is strong, i.e. it has a high affinity to
activating transcription factors and the RNA-polymerase. The interplay
of SOS-box and the activating motives in SOS-responsive promoters
was analyzed in detail by Norman et al. (Norman et al. 2005). In this
study gfp was used as the reporter which allows the use of non-invasive
fluorescence detection for the quantification of the reporter expression. The
SOS-promoters recA, sulA, umuDC and cda were comparatively evaluated
by means of basal promoter activity and inducibility. It was found that
the cda promoter shows the highest response to the known carcinogen
N-methyl-N’"-nitro-N-nitrosoguanidine followed by recA, sulA and umuCD
in descending order. The recA promoter shows high expression rates due to
near consensus sequences at —35 and —10 but a high basal activity because
of only one SOS-box with low homology to the consensus. In contrast the
umuCD promoter is well repressed because of two near consensus SOS-
boxes but its inducibility is comparatively low. According to the study the
cda promoter combines both, a high expression rate after induction and a
low basal activity due to a strong binding of the LexA-repressor.

As an alternative to the amperometric signal detection described
above, several reporter proteins for optical signal detection can be used
with the advantage that these methods are non-invasive and work without
substrate addition. The green fluorescent protein and the bacterial luciferase
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(luxCDABE-operon) are most commonly used (Table 7.1). Biosensors that
are based on the bacterial bioluminescence are of special interest as they are
often proposed for online biosensors. The first reports about biosensors for
the monitoring of genotoxicity that are based on bioluminescent reporter
gene assays in E. coli were published by Ptitsyn et al. 1997 and Vollmer et al.
1997. In a further study van der Lelie et al. 1997 used the strain Salmonella
typhimurium which is associated with the detection of genotoxic effects since
the early 70s of the last century because of the initial work of Bruce Ames
on the Salmonella/mammalian-microsome mutagenicity test (Ames et al.
1975). A number of further strains have been generated in the past decade;
some milestones of these developments are listed below.

e Elasri and Miller 1998 used Pseudomonas aeruginosa as a host for the
reporter gene construct recA::luxCDABE because it was expected to
be more robust compared to E. coli. Furthermore, P. aeruginosa—an
opportunistic human pathogen that causes cystic fibrosis—can
survive in thick biofilms of alginate that is often used for the
immobilization of living cells in whole cell biosensors.

e Polyaketal. 2001 used an optical fiber connected to a photodetector
for the measurement of the bioluminescence that was emitted by
immobilized sensor cells. The bacteria were immobilized in alginate
layers by the alternating immersion of the fiber tip in a mixture of
a sodium alginate solution with the bacterial cell suspension and a
sterile calcium chloride solution. The functionality of the sensor fiber
was tested with the model genotoxicant MMC.

* Baumstark-Khan et al. 2007 developed a combined reporter system
using bioluminescence and fluorescence. They cloned the complete
lux-operon from the marine photobacterium P. leiognathi under the
control of a SOS promoter. In addition, the gene gfp was fused to a
constitutive promoter resulting in a parallel detection method for
general cytotoxicity. By this approach false negative test results
for genotoxicity due to the masking effect of acute toxicity can be
detected.

* Song et al. 2009 achieved the control for acute cytotoxicity by
the construction of a recA::lux fusion that was integrated in the
chromosome of Acinetobacter baylyi (ADP1). The background
bioluminescence of this strain is high enough to monitor cell viability.
Furthermore, it is reported that ADP1 is more robust compared to
E. coli in terms of maintenance and storage.

*  Yagur-Kroll and Belkin 2010 split the luxCDABE genes of Photorhabdus
luminescens into the genes encoding the bacterial luciferase luxAB and
luxCDE that encode for enzymes that are involved in the regeneration
of the substrate. The highest sensitivity resulted if the genes [uxCDE
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were constitutively expressed whereas the genes [uxAB were under
the control of an inducible promoter. This finding indicates that the
substrate of the bacterial luciferase is limited if all genes of the lux-
operon are expressed simultaneously.

All whole cell biosensors for the detection of genotoxins that are
based on bacteria share one drawback, namely the different metabolic
activation of xenobiotics compared to vertebrates. The metabolization of
xenobiotics occurs in vertebrates mainly in the liver. This tissue contains
high concentrations of cytochrome-P450-dependent monooxygenases that
catalyze the oxidation of organic compounds by molecular oxygen. By
this oxidation step lipophilic compounds are functionalized, e.g. by the
formation of hydroxyl residues that serve for a subsequent conjugation
to small hydrophilic endogenous metabolites. By this reaction sequence
the hydrophilicity of a compound is increased in order to facilitate its
renal excretion. However, this metabolization goes along with a potential
bio-activation and thus toxification of the xenobiotic. One of the most
prominent examples is the metabolic activation of the PAH benzo[a]
pyrene to the ultimative cancerogen benzo[a]pyrene-7,8-dihydrodiol-9,10-
epoxide by the cytochrome-P450-dependent monooxygenases CYP1A1 and
CYP1BL1. In the standard bioassays this is usually done by the addition of
a so called S9-fraction which is prepared from the liver of rodents after
exposure to CYP-inducing chemicals (Ames et al. 1975). The S9-fraction is
composed of a complex mixture of enzymes involved in the metabolism
of xenobiotics, in particular the microsomal bound cytochrome-P450-
dependent monooxygenases. Neglecting the bio-activation of xenobiotics
with respect to the detection of genotoxic effects can cause false negative test
results. The aspect of metabolization can be implemented into a biosensor
by two different strategies, namely the addition of S9-enzymes and needed
cofactors or second, the heterologous expression of the responsible enzymes
in the reporter cells. Both approaches have advantages and disadvantages.
In case of the addition of S9-enzymes to the biosensor these enzymes must
be stabilized and /or immobilized like the living cells which can be achieved
by freeze drying procedures. However, in this case the biosensor must be
designed for single usage; a setup for an online measurement would not
be possible. The heterologous expression of metabolizing enzymes in the
reporter cells is an attractive alternative which is already demonstrated by
various studies (Yamazaki et al. 1992). In this case online measurements
would be possible because all enzymes and cofactors that are needed for
metabolic activation are provided by the bacterial cell. But, the bio-activation
of xenobiotics is a multi-step process in which many different enzymes are
involved. Up to date this enzymatic network can be rebuild only in part by
heterologous expression in bacteria.
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WHOLE CELL BIOSENSORS FOR THE DETECTION OF
XENOESTROGENS

It has been known for nearly two decades that endocrine disrupting
chemicals (EDCs) that act as (xeno)hormones in the environment may have
adverse effects on the reproduction of affected organisms and sensitive
populations. Data from controlled field experiments support the hypothesis
that EDCs in the aquatic environment have the potential to impact the
reproductive health and persistence of various fish species (Kidd et al. 2007).
Although controversial, ongoing research underlines the relevance of the
subject for potential human health effects (Solomon and Schettler 2000).

Different types of hormonal effects can be distinguished. It has
become increasingly apparent that estrogen receptor-mediated effects
triggered by environmental agents such as ethinylestradiol (EE2), isomers
of nonylphenole (NP), bisphenol-A (BPA) and diethylphthalate (DEP)
are of high relevance. Chemical analysis unequivocally demonstrates
that emissions from sewage treatment plants contribute significantly to
environmental pollution by substances that bind specifically to the estrogen
receptor. The relevant receptors are transcriptional regulatory proteins and
members of the nuclear receptor superfamily (Evans 1988). The isolation
of the respective human genes allows the development of reporter gene
assays in which ligand-bound nuclear hormone receptors bind specific
DNA response elements. One of the most prominent in vitro test systems
for estrogenic activity is the yeast estrogen screen (YES) using Saccharomyces
cerevisige which can be integrated in a biosensor setup in a modified version
(McDonnell et al. 1991). The basic principle of the YES is shown in Fig. 7.4.
An estrogen receptor (ER) agonist binds to human ER that is constitutively
expressed in the yeast cell. The ligand binding induces a conformational
change of the ER which leads to the formation of ER-homodimers. These
homodimers are imported in the nucleus of the yeast cell and bind to a
promoter that contains at least one estrogen responding element (ERE). In
contrast to the above mentioned LexA the ER is a transcriptional activator
that induces the expression of the reporter gene after promoter binding. By
this, the transcription of downstream genes like luciferase (Fine et al. 2006),
B-galactosidase (McDonnell et al. 1991) or phytase (phyK) (Hahn et al. 2006)
that are part of a recombinant genetic construct is initiated.

Other biosensors for the detection of EDCs are based on the determination
of the ligand-receptor interaction or the receptor dimerization which can
be measured by several techniques like surface plasmon resonance, quartz
crystal microbalance or immuno-analytical methods. These approaches
belong to the group of structure-specific biosensors and cannot distinguish
between agonistic and antagonistic effects—a differentiation which is
possible with whole cell biosensors. A further advantage of a biological
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Figure 7.4. Detection of estrogenic potentials by genetically engineered yeast (scheme). (1)
The ER-agonist (xenoestrogen) diffuses into the cell. (2) The human estrogen receptor (hER)
is heterologously expressed (e.g. via a plasmid which contains the respective gene under
the control of a constitutive promoter (not shown)). (3) The ER-agonist binds to the estrogen
receptor and induces a dimerization of the hER. (4) Due to receptor binding and dimerization
anuclear localization signal is exposed and the dimer is imported in the cell nucleus. (5) The
receptor dimer binds to and activates a promoter that contains an estrogen responding element.
The reporter construct might be integrated in the yeast genome or can be part of a plasmid
as shown here. (6) The expression of the reporter gene is proportional to the activation of the
human estrogen receptor by the (xeno)estrogen.

cell sensor over immuno-analytical and chemical analysis is the possibility
to measure the activities of chemicals in mixtures which can result in
antagonistic, additive or synergistic effects.

Hahn et al. 2006 constructed a recombinant yeast strain (Arxula
adeninivorans) that was engineered to co-express the human estrogen
receptor alpha and a Klebsiella-derived phytase (phyK) reporter gene
(A-YES). The native substrate of the phytase is phytic acid (myo-inositol
hexakisphosphate) but it accepts as well para-nitrophenol phosphate and
para-aminophenol phosphate allowing a colorimetric or amperometric
detection, respectively. In case of the para-aminophenol phosphate the
phytase catalyzes the cleavage of the phosphate whereby para-aminophenol
(pAP) is generated. The amperometric detection of pAP is described above.
This method has two advantages compared to the standard yeast estrogen
screen. First, the yeast A. adeninivorans is a robust strain that is osmo- and
thermotolerant. According to Hahn et al. it can be cultured in the presence

© 2012 by Taylor & Francis Group, LLC



Whole Cell Biosensors: Applications to Environmental Health 119

of even 17.5% NaCl. The second advantage is the secretion of the reporter
enzyme phytase by the yeast cell. This allows a non-invasive detection of
the reporter gene activity which is a pre-requisite for the usage in a whole
cell biosensor. A detection limit of 10 ng /1 for 17p-estradiol-like activity was
achieved, which is comparable to the classic YES with S. cerevisiae.

Fine et al. 2006 reported the construction of a fiber-optic biosensor that
utilize luminescent yeast cells entrapped in hydrogel matrices based on
calcium alginate or polyvinyl alcohol (PVA). They used genetically modified
cells of S. cerevisiae that carry a plasmid for the expression of the human
estrogen receptor alpha and a plasmid for the expression of the reporter
gene luc—the luciferase gene of the American firefly—under the control of
a human estrogen responsive element (hERE). In this report the shelf life of
the immobilized cells was characterized. Figure 7.5 shows the results of this
experiment by Fine et al. 2006. The modified yeast cells were immobilized
in alginate beads by dropping a mixture of 2% (w/v) sodium alginate and
yeast cell suspension in 0.5 M calcium chloride. Alginic acid is a copolymer
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Figure 7.5. Luminometric detection of estrogenic effects by alginate embedded cells. With
permission from Elsevier Limited. Luminescence kinetics curves for p-E2 induced alginate
beads after 4 wk of storage in slow freeze conditions against (/) their control equivalent samples
(0.1% EtOH) at-80°C (A /A),—20°C (¥ /V), and 4°C (% /%), and in fast freeze conditions (liquid
nitrogen treatment) at —-80°C (m/0) and —20°C (e /0) (Fine et al. 2006). [RLU: relative light units.
Data points show mean + SD of three independent sets each in triplicate.]

© 2012 by Taylor & Francis Group, LLC


http://www.crcnetbase.com/action/showImage?doi=10.1201/b12775-8&iName=master.img-009.jpg&w=313&h=250
http://www.crcnetbase.com/action/showImage?doi=10.1201/b12775-8&iName=master.img-009.jpg&w=313&h=250

120 Biosensors and Environmental Health

consisting out of homopolymeric blocks of a-L-gulcuronate and B-D-
mannuronate linked by glycosidic bonds. The regions of homopolymeric
blocks build higher structures that are comparable to B-sheets in proteins.
These structures are fixed by the complexation with divalent cations (Ca*)
which leads to the gelation of the alginate. The prepared beads were frozen
in 50% (v/v) glycerol solution either by a slow freezing process or a fast
freezing process with liquid nitrogen and stored for 4 wk under various
conditions (-80°C, —20°C and 4°C (no fast freezing)). After thawing the
beads were exposed to 10 nM of 17B-estradiol (B-E2) and the kinetic of the
bioluminescence was monitored after addition of the substrate luciferine.
From Fig. 7.5 it is obvious that storage temperature and freezing conditions
have a high impact on the functionality of the system. The best performance
resulted after the storage at —80°C. Interestingly, the cells after fast freezing
with liquid nitrogen were less induced compared to the slow cooling in the
freezer. The storage at 4°C and especially —20°C leads to a virtually complete
loss of function. This example illustrates the outstanding importance of
immobilization and long term storage of cells in an active state for whole
cell biosensors.

SUMMARY POINTS

*  Whole cell biosensors contain living cells as the biological part of
the biosensor. Single cell organisms like bacteria or yeast but as
well cell cultures from a multicellular organism like immortal cell
lines can be used. Such biosensors detect (toxic) effects rather than
compounds—the question addressed is not “what does the sample
contain” but “how toxic is the sample”. In this respect they display
the sum effect of a sample even in the case of unknown composition,
because all present compounds will impact the living cell in the
sensor simultaneously.

* Specific toxicologic effects like genotoxicity or endocrine disruption
can be detected by “bioreporters” that are composed by the fusion
of a sensing element (mostly a gene promoter) with a reporting
element (e.g. an enzyme-coding gene or a gene encoding a fluorescent
protein). The nature of the transducer is variable and depends on
the reporting element and the application, e.g. a photo detector for
the measurement of bioluminescence in an online biosensor setup.

* Genotoxicity is to be differentiated from mutagenicity and
cancerogenicity, but these effects are strongly linked together.
Therefore, genotoxicity is a toxicological endpoint of high relevance.
Genotoxic effects can be probed by whole cell biosensors by making
use of genetically engineered microorganisms. Most frequently
fusions of various SOS-responsive promoters and reporter genes,
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the activity of which can be measured either amperometrically or
via bioluminescence with a photo detector are used. Biosensors
that are based on [uxCDABE can be used in online systems because
the quantification of the reporter enzyme can be done non-invasive
and without addition of a substrate. One challenge that has to be
further addressed in the future is the implementation of the metabolic
activation of xenobiotics in microbial biosensors.

* Endocrine disrupting chemicals interfere with the endogenous
hormonal regulations and might cause long-term chronic effects in
humans. Although the impact of contaminants that act as endocrine
disruptors on human health is under discussion there is a great
deal of concern about such chemicals in the environment. One
important mode of action of endocrine disruptors is their binding
to and activation of the estrogen receptor that belongs to the family
of nuclear hormone receptors and acts as a transcription factor.
The receptor binding can be quantified with various biosensor
techniques that are based, e.g. on plasmon resonance. However, such
biosensors do not allow the detection of the biological consequence
of the receptor binding, namely the transactivation of a target gene
which can be addressed by whole cell biosensors. Again, biosensors
that use bioluminescence for the quantification of the reporter are
frequently used, but the use of the enzyme phytase that is excreted
after expression in A. adeninivorans is a good alternative that allows
amperometric signal detection.

e The immobilization and stabilization of the living cells in an active
state is a challenge of outstanding importance for the construction of
whole cell biosensors that are thought to work outside a laboratory
environment. Most frequently encapsulation in hydro-gels like
alginate or polyvinyl alcohol is used for this purpose. Despite all
the progress that was achieved in the past decades further research
is necessary. In sum, the development of whole cell biosensors
is an exciting and interdisciplinary field that covers topics in
microbiology, cell biology, molecular biology, biochemistry, physics
and engineering.

APPLICATIONS TO AREAS OF HEALTH AND DISEASE

It is worth pointing out that the relevance of in vitro assays—and a whole
cell biosensor is nothing else than an automated in vitro assay with a coupled
signal detection—for in vivo effects like the impact of a contaminant on
human health is to be discussed in general.

Whole cell biosensors which either detect genotoxic stress or effects of
endocrine disruptors or biosensors that use human cell lines have the highest
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relevance for human health and disease. Genotoxic compounds cause
DNA-lesions that are usually reversible because of the induction of various
repair mechanisms like base- or nucleotide-excision repair. But the primary
DNA-damage increases the mutation frequency of a stressed cell resulting
in a changed DNA-sequence. In contrast to the primary DNA-damage
mutations are irreversible and associated with the initiation and promotion
of cancer. Thus, the terms genotoxicity, mutagenicity and cancerogenicity
are distinct but strongly linked together. Up to now there is no biosensor
available that detects mutations but as already mentioned it is possible to
detect primary DNA-damage with specific whole cell biosensors.

Exposition of laboratory animals and wildlife to endocrine disrupting
chemicals lead to numerous adverse phenotypes like feminization of males,
birth defects, decreased sperm density and reproductive failure. Whereas
the impact of endocrine disruptors on wildlife populations is evident the
risk for human health is still under debate. However, some studies report
adverse effects of endocrine disruptors on humans. One example is the
observation of semen abnormalities in males after exposure to the estrogen
receptor agonist diethylstilbestrol.

KEY FACTS OF EFFECT SPECIFIC WHOLE CELL
BIOSENSORS

*  Whole cell biosensors that detect specific toxicological effects are
based on the concept of a reporter gene assay which is used in order
to quantify the activity of a gene promoter. If a promoter is chosen
that is involved in the regulation of an (adverse) cellular pathway, it
is possible to determine the activation of this pathway that is linked
to a biological effect.

* One of the first whole cell biosensors that used bioluminescent
bacteria was developed by (Lee et al. 1992) for the detection of toxic
compounds. Five years later the first systems for the detection of
genotoxic effects by the fusion of SOS-promoters to the luxCDABE-
operon were developed.

* Cancer causes worldwide more than 10% of all deaths with life style
and environmental pollution as the main causes. Carcinogenesis
is a multi step process that is initiated by DNA-mutations. In this
respect genotoxic environmental contaminants are of high relevance
for human health.

* Many genotoxic xenobiotics cannot damage the DNA directly, but
they are bio-activated in the liver. This process is termed metabolic
activation. Functional groups that are introduced in (lipophilic)
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compounds in order to increase their water-solubility might attack
DNA-bases.

The effect of endocrine disruptors on human health is still under
discussion. However, some trends in human health effects that are
potentially related to endocrine function are reported, such as the
sperm count that decreases in the US by —3%/ml per year and even
-5.3%/ml per year in Europe (Solomon and Schettler 2000).

DEFINITIONS

Bioluminescene: is the emission of light by organisms. It is based on
chemiluminescence. Chemiluminescence occurs if a product of a
reaction is formed in an excited state and the energy dissipates not as
heatbut as light. Some eukaryotic organisms like fireflies produce an
enzyme called luciferase that catalyzes the oxidation of its substrate
luciferin—a reaction that causes chemiluminescence. Bioluminescent
bacteria express the lux-operon (luxCDABE).

Endocrine disruptors: “are exogenous compounds that have the
potential to interfere with hormonal regulations and the normal
endocrine system and consequently [may] cause health effects in
animals and humans” (Bonefeld-Jorgensen et al. 2007).
Estrogen-receptor (ER): refers to a group of intracellular receptors out
of the family of nuclear hormone receptors which is activated by its
native agonist 17B-estradiol (estrogen) but as well by synthetic steroid
hormones (e.g. 17a-ethinylestradiol that is used in contraceptive pills)
or xenoestrogens like nonylphenol-isomers or various phtalates that
are used as plasticizers.

Genotoxicity: describes the capacity of a compound to cause DNA-
damage. A so called primary DNA-damage is a change in the chemical
structure of the DNA like DN A-alkylation, oxidation, bulky adducts
formation, crosslinks or strand-breaks. These lesions can be repaired
by various mechanisms (e.g. bacterial SOS-response). Secondary
DNA-damage is a change in the DNA-sequence (mutation) possibly
resulting in miscoding of proteins. Mutations cannot be repaired by
cellular mechanisms.

gfp: is a gene coding the green fluorescence protein (GFP). GFP was
initially described in the jellyfish Aequorea victoria and emits green
light (509 nm) when it is excited by blue light (395 nm). Today, several
variations of the GFP exist with altered protein stability or enhanced
fluorescence.

lacZ: is a gene coding for the enzyme B-galactosidase that is part
of the bacterial lac-operon. Its native function is the cleavage of
the glycosidic bond in the disaccharide lactose, but it also accepts
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artificial substrates like para-aminophenol-p-D-galactopyranoside
(pAPG).

luxCDABE: is an operon which is composed out of the genes luxAB
encoding the bacterial luciferase which catalyzes the co-oxidation
of long-chain aliphatic aldehydes and flavin mononucleotide in
its reduced state (FMNH,). The genes [uxCDE are involved in the
regeneration of the required substrate.

SOS-response: is induced in bacteria by genotoxic stress. It is activated
by the occurrence of single stranded DNA which results from DNA-
adducts or crosslinks. The single stranded DNA is detected by the
RecA-protein which forms a protein filament along the DNA lesion.
This protein filament cleaves the transcription factor LexA that
represses the expression of genes which are involved in the DNA
repair like uvrA, uvrB (nucleotide excision repair) or umuC, umuD
(error prone DNA repair) as the most prominent ones. In total more
that 30 genes are involved in the SOS-response; recA and lexA the
genes coding for the proteins that drive the SOS-response are target
genes of the LexA-repressor themselves resulting in feedback loops
for the control of the SOS-response (Sassanfar and Roberts 1990).

ABBREVIATIONS

2-AA 2-aminoanthracene

AF-2: 2-(2-furyl)-3-(5-nitro-2-furyl)acrylamide
BPA bisphenol-A

cYyp cytochrome-P450-dependent monooxygenase
DEP diethylphthalate

EDC endocrine disrupting chemical

B-E2 17B-estradiol

EE2 a-ethinylestradiol

ERE : estrogen responsive element

FMNH, : reduced flavin mononucleotide

GFP green fluorescence protein

hER human estrogen receptor

IQ 2-amino-3-methylimidazo[4,5-f]quinoline
MMC mitomycin C

6-NC 6-nitrochrysense

NP nonylphenol

PAH polycyclic aromatic hydrocarbon

PAPG para-aminophenol-B-D-galactopyranoside
PVA polyvinyl alcohol

SPE screen printed electrode

YES yeast estrogen screen
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ABSTRACT

Environmental contaminants and pathogens pose a serious risk to
human health. Bacterial whole cell biosensors (BWBs) have several
unique advantages in the detection of toxicity and bioavailability. BWBs
can also be rapid, sensitive, semi-quantitative, cost-effective and easy to
use. BWBs can be configured for cytotoxicity or genotoxicity assays, but
also to quantitatively detect particular compounds of interest through
transcriptional, translational, or posttranslational means. Collectively,
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seven different types of BWBs have been developed to detect a broad
range of ions, metals, drugs, toxins, hormones, specific compounds and
pathogens. Increasingly BWBs are also being applied to drug screening,
pathogen detection and biomarker monitoring associated with human
health. Since BWBs use live cells the efficiency of the sensor will be
determined by the cellular physiological state which will affect signal
pathway including chemical transport, chemical-protein, DNA-protein
interactions and reporter gene activation. It results in BWBs suffering
from problems of robustness, reliability and reproducibility. Recent
progress include the use of synthetic biology to optimize sensitivity,
specificity, and signal to noise ratio, the use of nanoparticles to
functionalize BWBs and confer novel properties, and the multiplexed
detection of contaminants and pathogens using BWBs arrays. Recent
advances in synthetic biology and nanotechnology, will endow BWBs
with novel functions and significantly improve properties, bringing
their deployment into the field for online and in situ monitoring closer
to reality.

INTRODUCTION

Human beings are facing severe health risks as human activity releases
significant amount of waste and hazardous material into the environment.
Water-soil pathogens transported through catchments and water supply, and
other pathogens transmitted via human-human and human-animal contacts
pose serious problems to human health. A broad range of contaminants
has been designated by the European Union (EU) and U.S. Environmental
Protection Agency (EPA) as priority pollutants because of their carcinogenic
and mutagenic effects on humans and animals. The assessment of human
health risks associated with environmental contamination and diseases
requires a rapid, cost-effective, reliable and in situ method to detect
contaminants and pathogens. Armed with recent advances in synthetic
biology and nanotechnology, bacterial whole-cell biosensors (BWBs) could
be developed to address these challenges.

A “biosensor” is a system that detects the presence of a substrate using
a biological component which then provides a signal that can be quantified
(Gu et al. 2004). BWBs employ live cells (usually genetically engineered
bacteria) as detection elements and they have two unique advantages:
providing information on toxicity and bioavailability, which directly link
environmental contamination to human health risk. Most environmental
samples are mixtures of complex contaminants. The additive, antagonistic,
and synergistic effects caused by complex physical or chemical interactions
would make the risk assessment unpredictable if only chemical analysis (e.g.
GC-MS or HPLC) were used to estimate the toxicity and bioavailability of
contaminated samples. It has been shown that even when the concentration
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of each compound in a mixture was below the individual toxicity effect
there could be an additive effect as a mixture that was detrimental to fishes
(Schwarzenbach et al. 2006). Chemical analysis of contaminated soil and
water samples usually requires sample pretreatment and extraction, which
makes the inert and active portions of contaminants indistinguishable
from each other, compromising the risk assessment which is concerned
with the active portion (bioavailability). In contrast, BWBs assay detects
contaminants’ active or bioavailable portions, and it directly links
contamination to biological effects and makes the toxicity and bioavailability
assessment more relevant to human health risk (Song et al. 2009; Sorensen
etal. 2006). Other advantages of BWBs include 1) it is much lower cost than
animal tests and eliminates the need of animals sacrificed for the toxicity
assessment; 2) it can be quantitative (DeFraia et al. 2008), very sensitive
(down to fM level), rapid, and easy to use (Massai et al. 2011; Virta et al.
1995); and 3) it requires minimal sample pretreatment and can be used for
in situ or potentially online detection of pathogens and contaminants.

The use of whole cells as biosensors for toxicity detection was first
developed in the laboratory nearly 30 years ago (Bulich and Isenberq 1981;
Quillardet et al. 1982). BWBs can also detect pathogens by sensing small
molecules related to pathogens (Massai et al. 2011). Since the live cells
of BWBs were used to sense chemicals, all elements involved in signal
pathway, including chemical transport, chemical-protein, DNA-protein
interactions and reporter gene activation, can be affected by the cellular
physiological state. It is therefore a challenge to construct BWBs with high
reliability, robustness and reproducibility. Recent advances in molecular
cell biology, synthetic biology and nanotechnology, could improve BWBs
sensing performance in the laboratory and ultimately allow their use in real
world situations. In this chapter, we will review the recent trends of BWBs
in environmental health. We will focus on synthetic biology for optimization
of biosensors, bionanotechnology for functionalization of BWBs and whole
cell biosensor arrays for high throughput biosensing.

PRINCIPLES OF BACTERIAL WHOLE-CELL BIOSENSORS

The biological detection element can be made of nucleic acids or proteins,
and a number of biosensing systems can be constructed which exploit
different aspects of molecular biology to produce the signal (van der Meer
and Belkin 2010). Figure 8.1 illustrates seven types of BWBs, which usually
consist of regulatory gene(s), regulated or constitutive promoter(s) and
reporter gene(s).

Cytotoxic BWBs detect general toxicity that causes the detrimental
effects on cellular and enzymatic activities (Fig. 8.1A). The reporter gene
of cytotoxic BWBs is usually fused to a constitutive promoter (P_ ) and
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Figure 8.1. Schematic of seven types of bacterial whole cell biosensors (BWBs).
Color image of this figure appears in the color plate section at the end of the book.
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toxicity is measured as a decrease in reporter gene expression (a ‘light-
off” system). Genotoxic BWBs detect toxicity that leads to DNA damage
(Fig. 8.1B). Genotoxicity is measured as an increase in the expression of a
reporter gene (a ‘light-off” system) that is fused with the “SOS” responding
promoter, e.g. recA promoter (Davidov et al. 2000; Song et al. 2009).

Transcription-based biosensors activate transcription of mRNA in
response to the presence of the signal and consist of an activatable promoter
fused to a reporter gene. Transcription can be activated either through
direct binding of a specific compound or its intermediate metabolite to a
regulatory protein (Fig. 8.1C and 8.1D); or through a signalling cascade
activated in response to a receptor binding event at the cell membrane
(Fig. 8.1E). In the presence of a specific compound, a regulatory protein
undergoes a conformational change via chemical-protein interactions and
activates a regulated promoter (P_ ) to express a reporter gene (Fig. 8.1C).
Since the regulatory protein usually responds to specific compounds, it
enables the BWBs to selectively detect the targeted compounds (Huang
et al. 2005; Huang et al. 2006; Huang et al. 2008). A specific compound
can also be indirectly detected by constructing a gene regulation system
which is activated by the intermediate metabolites instead of the original
compound itself (Fig. 8.1D). For example, naphthalene can be detected by
sensing salicylate which is an intermediate metabolite of the naphthalene
degradation pathway (King et al. 1990). For signalling cascade induced
BWBs (Fig. 8.1e), a compound interacts with sensory proteins (e.g. membrane
proteins), which subsequently transmit signals (e.g. phosphorylation) to
trigger a transcription regulator (Kiel et al. 2010). However, since these type
BWBs rely on both transcription and translation to occur before the signal
is manifested; transcription-based biosensors show a somewhat delayed
response and are the slowest of BWBs.

With translation-based biosensors (Fig. 8.1F), the mRNA is constantly
produced within the cell, but its translation is dependent on either the
presence or absence of the signal in question. Most translation-based
biosensors rely on reversible mRNA secondary structure (riboswitches) to
control translation. These biosensors can be designed to be turned on or
off in the presence of the signal depending on where the mRNA secondary
structure is formed upon binding of the signal molecule. Translation-based
biosensors have a faster response time than transcription-based biosensors
because the mRNA is already present in the cell. Riboswitches (part of
mRNA) can be designed to directly bind the target compound which then
either triggers or suppresses gene expression (Fig. 8.1F). For example a
riboswitch has been designed to activate protein translation in response to
atrazine (Sinha et al. 2010).
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BWBs can be constructed based on changes in protein behaviour or
spectral properties in response to the signal (Palmer et al. 2011). These
can also be called “post-translational” biosensors (Fig. 8.1G). Post-
translational biosensors manifest the fastest response because they are
always present within the cells and do not rely on the relatively slow
processes of transcription and translation. Usually the response time is
of the order of time it takes for a small molecule to bind to an enzyme. In
the simplest configuration, the molecule of interest can interact directly
with the protein signal, causing a change in spectral properties (Fig. 8.1G).
Biosensors of this type have been created for sensing small molecules such
as hydrogen peroxide, divalent metal ions, and pH changes (Palmer et al.
2011). The second type of post-translational biosensor relies on Forster (or
Fluorescence) Resonance Energy Transfer (FRET) (Fig. 8.1G). FRET relies
on the physical proximity of the two protein fluorophores. Ligand binding
causes a conformational change in the binding domain, altering the spatial
orientation of the fluorescent proteins, leading to a detectable change in
spectral properties (Palmer et al. 2011). Since the proportion of biosensors
with ligand bound depends on the concentration of the ligand within the
cell, the spectral changes correlate to changes in ligand concentration. FRET
biosensors have been developed for many metabolites including divalent
metal ions, amino acids, and sugars (VanEngelenburg and Palmer 2008).

The output signal in BWBs is produced through expression of a reporter
gene. A variety of reporter genes have been used including B-galactosidase
gene lacZ, luciferase gene (luxAB and luc) and fluorescent-protein genes
(GFP, YFP, CFP and RFP). Whilst fluorescent protein genes are ideal to
visualize BWBs in single cells, bioluminescence genes such as luxAB and
luc are more suitable to quantitative detection. Several recent reviews have
discussed the reporter genes in details, (Daunert et al. 2000; van der Meer
and Belkin 2010).

SYNTHETIC BIOLOGY FOR OPTIMIZATION OF
BIOSENSORS

Synthetic biology is an emerging methodology for the development of new
biological organisms. Through an approach that often utilizes computational
modelling in the design of new pathways, coupled with the use of well-
characterized, standardized “parts” (genes) which are used to construct
devices (groups of parts) and systems of desired function, synthetic biology
aims to create new systems using an engineering design cycle (Fig. 8.2).
The desired behaviour is specified, parts are chosen and their behaviour
modelled in silico, systems are constructed, and tested to see if the design
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Figure 8.2. The engineering design cycle of synthetic biology.

was successful, followed by iteration to improve the design (Fig. 8.2)
(Kitney et al. 2007). Synthetic biology can be applied to the design of new
whole cell biosensors with improved properties such as signal-to-noise
ratio, sensitivity, specificity, or speed of signal generation (van der Meer
and Belkin 2010).

Chassis for BWBs

The chassis is the bacterial host of the genetic elements used in biosensing,
which is the “hardware” of the BWBs. The choice of chassis needs to consider
the following: 1) is the bacterial host easy to manipulate genetically? 2) will
the inserted genes be correctly expressed and gene regulation in the host be
reliable and reproducible? 3) will the host survive and perform in the specific
detection environment (e.g. extremely high or low pH, salt, temperature
and toxicity)? 4) does the host have a suitable system to access the target
compounds (e.g. chemotaxis sensing, chemicals transport into the cells)? 5)
is the host robust enough to be stored and functional for a period of time?
6) what is the risk if the host is released to environment?
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Escherichia coli is the most popular chassis since the regulations of its
genes have been intensively studied, and gene manipulation methods are
well-established. However, for the detection of environmental contaminants
and toxicity, other environmental microbes could be a good chassis in terms
of ecological relevance and robustness. For example, BWBs based on the
versatile chemo-heterotroph Acinetobacter sp. ADP1 (Huang et al. 2005;
Huang et al. 2006; Huang et al. 2008; Song et al. 2009; Zhang et al. 2011) have
been shown to perform well in the detection of several specific compounds.
Figure 8.3 shows that ADP1 is able to actively emulsify, search, attach and
sense oil in contaminated water, while this ability is absent in E. coli. As
ADP1 was isolated from soil, ADP1 based BWBs can be robust enough to
be stored on shelf (4°C) for a long period of time (>45 days) without any
significantly change in the biosensing performance (Fig. 8.4).

Plasmids carrying a DNA cassette containing a promoter and a reporter
gene are most common in BWBs construction and application. Plasmids
are easy to operate in terms of genetic modification, transformation and
expression in various host cells. The modularized structure also allows the
ease of construction of fusion gene and gene expression. The high copy
number of plasmids can strengthen the signal due to high level expression.
However, plasmid based biosensors have several drawbacks: 1) plasmids

Figure 8.3. BWBs searching and sensing oil (A) E. coli DH5a mixed with mineral oil. (B) and
(C) Oil sensing BWBs (Acinetobacter ADPWH_alk) mixed with mineral oil with different optical
focuses. (D) ADPWH_alk mixed with crude oil. E. coli randomly distributed between water
and oil, showing no affinity to oil droplets, while Acinetobacter actively searched and bound
to oil droplets of mineral and crude oils.
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Figure 8.4. Storage and performance test of a salicylate responsive BWBs ADPWH_lux. The
BWBs responsive ratio and activation time remained unchanged during a period of 45 dy
storage at 4°C.

require selective pressure to be maintained, usually by adding antibiotics.
2) multiple copies of the promoter-binding-region on plasmids compete
with the binding site on the chromosome, causing less expression of the
inserted gene cassette (Applegate et al. 1998). 3) it has been demonstrated
that the plasmid-based gene expression inevitably suffers from instability
due to plasmid segregational and structural instability and allele segregation
(Tyo et al. 2009). 4) the risk of leaking plasmids into the environment is
higher than chromosome-based gene cassette because plasmids contain
the whole elements for the replication and can be readily taken by other
organisms in the environment while chromosomal DNA uptake requires
natural competent and existing homologous fragments, which tends to
be species-specific and hence less likely. Chromosomally-based BWBs
have been used in detecting metals, antibiotics, pesticides, herbicides or a
group of genotoxins. Table 8.1 lists some of the studies in which a fusion
gene cassette was inserted into a chromosome and successfully expressed
by the host cells.
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Table 8.1. List of some biosensor constructed on chromosome of the host strain.

target promoter |reporter gene host cell Chromosomal integration |reference
methods
BTEX P luxCDABE Pseudomonas putida mini-Tn5 transposon (Applegate et al. 1998)
24-D tfdRP,, luxCDABE Ralstonia eutropha mini-Tn5 transposon (Hay et al. 2000)
tetracycline |P,, luxCDABE, lacZYA, gfp |Escherichia coli mini-Tn5 transposon (Hansen and Sorensen 2000b)
mercury o/ Py |1UXCDABE, lacZYA, Escherichia coli, Pseudomonas putida | mini-Tn5 transposon (Hansen and Sorensen 2000a)
8fvlesty
styrene P, lacZ Pseudomonas sp. mini-Tn5 transposon (Alonso et al. 2003)
iron wa A luxCDABE Pseudomonas putida mini-Tn5 transposon (Mioni et al. 2003)
PCB P, Gfp P. fluorescens. mini-Tn5 transposon (Liu et al. 2007)
salicylate |P_, luxCDABE, gfp Acinetobacter baylyi homogulos recombination |(Huang et al. 2005)
genotoxins |P_, luxCDABE E.col, Salmonella typhimurium/ bacteriophage (Davidov et al. 2000; Song et
Acinetobacter baylyi transduction/ homogulos |al. 2009)
recombination
Note:

2,4-D: 2,4-Dichlorophenol

BTEX: Benzene, toluene, ethylbenzene, and xylene

PCB: polychlorinated biphenyls
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Synthetic Biology Design for BWBs

Synthetic biology employs an engineering approach to design, model,
construct, test and characterize BWBs (Fig. 8.2). A few interesting cases of
BWBs are shown below:

BWBs search and sense atrazine (Sinha et al. 2010)

An evolved riboswitch that is responsive to the herbicide atrazine was
used to create a translation-based whole cell biosensor that could sense
the presence of atrazine, move to the site of the contamination, and then
degrade the toxin. The riboswitch was selected from a randomized library
and placed in control of the translation of the bacterial chemotaxis protein
CheZ. Therefore, cells were only able to activate chemotaxis in response to
atrazine and would migrate to areas of high atrazine concentration. The
same cells were given the ability to express an enzyme which converts
atrazine to a lower toxicity compound. Thus, the whole cell biosensor was
programmed to “seek and destroy” the contaminant (Sinha et al. 2010).

Imperial iGEM, 2010 (Parasight) (Post-translational
biosensor, synthetic biology)

A post-translational biosensor for the detection of parasites in water was
designed as part of the International Genetically Engineered Machines
(iGEM) synthetic biology competition. In this example, a tetrameric enzyme
was constitutively produced, but fused to another protein which would
not allow it to form its active oligomeric state. The whole cell biosensor
consists of three modules. The first to detect the release of a parasite invasion
protease is composed of a surface tethered ligand which when cleaved
by the protease activates cell signalling. The second is a two-component
signalling pathway which produces a second protease. The second protease
then processes the tetrameric enzyme, removing the piece that blocks
oligomerization and activating the biosensor. Since one protease molecule
can process many tetrameric reporters, the signal response is much faster
than that of a transcriptional or translational biosensor, and is predicted to
act on the order of minutes (iGEM 2010).

Cadmium Toggle switch, (Wu et al. 2009) (Synthetic
Biology and Transcriptional sensor)

A transcription-based biosensor for cadmium was optimized using a

synthetic biology approach. Rather than just fusing a cadmium responsive
promoter to a reporter gene, it was found that using a toggle switch
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decreased the background signal and increased the sensitivity of the
biosensor to low levels of cadmium. By designing in extra gene regulation,
the properties of the biosensor were improved, illustrating the power of
synthetic biology in optimizing whole cell sensors (Wu et al. 2009).

BIONANOTECHNOLOGY FOR ENDOWING NEW
FUNCTIONS TO BWBS

Besides genetic modification, nanoparticles (NPs) derived from chemistry
and physical sciences provide an additional new toolbox to modify BWBs.
Bionanotechnology or nanobiotechnology, which couples nanoparticles
(NPs ~1-100 nm) with biological system, is an emerging cutting-edge
research area which promises to create novel devices with unprecedented
features. Nano-scale NPs are small enough to exhibit new and interesting
properties (e.g. quantum entanglement, unique photonic, electronic and
catalytic properties) that bulk materials lack (Whitesides 2005). NPs
functionalized with various molecules enable NPs to access the cell
membranes or enter into the cytoplasm, where NPs specifically recognize
and interact with targeting biomolecules (Katz and Willner 2004). NPs
share similar sizes with many biomolecules such as enzymes and DNA
in the range of 2-50 nm, this structurally compatible property makes
NPs to straight away interfere with the DNA-protein and protein-protein
interactions. The combination of nanotechnology and microbiology endows
bacterial cells with new features which are predicted to have many useful
applications in medicine, biofuel production and environmental monitoring
and bioremediation. For example, Acinetobacter BWBs functionalized with
magnetic nanoparticles (MNPs) can be controlled by a magnetic field,
which enables in detecting specific compounds in complex samples such
as sediments or soils (Zhang et al. 2011). The MNPs coupled BWBs were
viable and functional as well as those untreated cells and they were used
to sense salicylate, toluene/xylene and alkanes (Fig. 8.5). The coupling
efficiency of MNPs to cells was greater than 99%. MNPs functionalized
BWBs can be remotely controlled by a magnetic field and be redispersed
when the magnet is removed. The MNPs coupled BWBs can be regarded as
millions of remotely controllable mini-biosensing devices that can probe the
chemical or biological information in wastewater, groundwater or complex
environments where scientific instruments are unable to readily access.
These BWBs can be easily recollected for further analysis after exposure to
a contaminated environment (Zhang et al. 2011).

NPs modification, like genetic engineering, could be used to change
bacterial properties. NPs could become a new kind of building blocks to
cells. Convergence of genetic engineering and nanotechnology would create
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Figure 8.5. Viability and functionality of BWBs (Acinetobacter ADPWH_lux) coupled
with magnetic nanoparticles (MNPs). (A) Scanning Electron Microscope (SEM) image of
Acinetobacter ADPWH_lux bioreporters coupled with MNPs. (B) Most MNPs coupled cells
originally suspended in water (1) were attracted to the side of a permanent magnet (2) after 5
min. (C) MNPs coupled cells were present with 0 uM (3) and 100 uM salicylate induction (4).
Salicylate induced MNPs coupled cells were attracted to the magnet side (left images were
under ordinary light and right in the dark).

Color image of this figure appears in the color plate section at the end of the book.

a powerful toolbox that extends DNA-based biotechnology to a further
way modifying existing biological systems or even creating bio-hybrid and
semi-biotic devices to carry out novel tasks. Although bionanotechnology
has already been applied to microbiology and environmental science for
water treatment and microbial detection, it yet reach its full potential.
The NPs could also provide biocatalytic functions to cells. For example,
magnetite (Fe,O,) NPs were previously thought to be inert but recent studies
indicate they have peroxidase-like activity (Wei and Wang 2008). Bacteria
functionalized with NPs would be a powerful tool, opening a new frontier
for biosensors.

MULTIPLE SENSING USING BWBs ARRAYS

In most cases, contaminants in the environment are present as mixtures
but not a single compound. To obtain a global picture of the impact of
environmental pollution on human health, it is useful to detect multi-
contaminants, toxicity and pathogens in-parallel. To address this challenge,
BWBs arrays are proposed which are made up of a large number of
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well-characterized BWBs onto a solid surface, and simultaneously detect
multi-contaminant and pathogen mixtures in environmental soil or water
samples (Elad et al. 2008; van der Meer and Belkin 2010). Since each BWBs
in the array will have a different genetic configuration, the first challenge
is to make every BWBs responsive under the same conditions. Second,
the BWBs array should avoid cross-sensing. This requires each BWBs to
be well-defined and characterized. In an attempt to prove the concept, we
employed five different BWBs to make a simple array and applied it to
test a mixture which contained 100 pM sodium salicylate, 10 pM sodium
benzoate and 100 nM MMC. The BWBs are separately responsive to toluene
(ADPWH_Tol), salicylate (ADPWH_lux), alkanes (ADPWH_alk), benzoate
(ADPWH_BenM) and genotoxicity ADPWH_RecA. The result showed that
the BWBs array correctly indicated the contaminants present in the mixture
without cross-sensing (Fig. 8.6). It suggests that the construction of a high-
throughput BWBs array could be feasible in near future.

Control 4

Induced A

1. 2 3 4 5

Figure 8.6. A BWBs array for the detection of a contaminant-mixed sample, which contained
100 pM sodium salicylate, 10 M sodium benzoate and 100 nM mitomycin C. Panel (A) is
BWBs arrays were added with water as a control and panel (B) is BWBs were added with
the multi-contaminant sample. Lane 1 is ADPWH_Tol for toluene; lane 2 is ADPWH_lux for
salicylate; lane 3 is ADPWH_alk for alkanes; lane 4 is ADPWH_BenM for benzoate; and lane
5 is ADPWH_RecA for toxicity. BWBs array correctly responded to the contaminants in the
mixture without cross-talking.

APPLICATION IN TOXICITY, BIOMARKERS AND
PATHOGENS DETECTION

BWBs for cytotoxicity detection were usually constructed by fusing a
reporter gene with a constitutively expressed promoter, which leads to
a continuous expression of reporting signal. This type of biosensors was
widely used in detection of acute toxicity or other cell growth inhibition
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chemicals. One of the most used promoters is lac, due to its high transcription
level in plasmids. Usually cytotoxicity BWBs give a quick response to heavy
metals and some small molecular organic compounds (Paton et al. 2006) in
less than 30 min after being exposed to a substrate.

However, the cytotoxicity BWBs are unable to detect genotoxins which
may not have an immediate enzymatic inhibition effect. Traditionally,
genotoxicity assessment methods include animal tests and the Ames
Salmonella typhimurium/microsome mutagenicity assay (Ames test).
Animal testing is less desirable as it is laborious and costly, and it requires
the sacrifice of animals. The Ames test requires a large quantity of the test
compound (1 g) and at least a 72 hr incubation period, which hampers its
widespread use for either online or in situ monitoring. Since DNA damage
can have many different forms (e.g. point mutation, deletion, insertion,
break, dimer formation, cross-linking, rearrangement), the Ames test must
use a cocktail of his- Salmonella tester strains to encompass different types
of DNA damage, each for a specific DNA target (Mortelmans and Zeiger
2000).

A few BWBs have been constructed for genotoxicity detection. The “SOS”
mechanisms in E. coli has been well-established and the “SOS” promoters
have been frequently used to construct genotoxicity BWBs (Davidov et al.
2000). Salmonella typhimurium has become another favourable host choice
for genotoxicity BWBs as the toxicity data obtained from Salmonella BWBs
could be compared with normalized Ames results (Mortelmans and Zeiger
2000). Current commercialized BWBs kits for genotoxicity test, such as
umu /SOS chrometest, Vitotox, sulA-test, all use Salmonella typhimurium as
host cell (vanderLelie et al. 1997). Since most genotoxicity BWBs are “light
on” system, it may cause false negative results due to high concentrations
of contaminants. In an attempt to monitor radioactivity and genotoxicity
in a highly radioactive environment, it is proposed that the genetically
modified radio-resistant bacteria Deinococcus radiodurans could serve as
a good host while other former biosensors may have failed to finish the
task due to decrease of cell viability (Gao et al. 2008). Acinetobacter baylyi
strain ADP1 was genetically modified to create a recA::luxCDABE fusion on
the chromosome of the host cell, while high baseline recA expression was
used to circumvent the false negative problem (Song et al. 2009). A recent
review paper provides a list of genetically engineered genotoxicity BWBs
(Biran et al. 2010).

BWBs are also be used to sense biomarkers for diseases. Glucose is a
biomarker for diabetes. It is required to constantly monitor glucose level in
a patient’s blood and subsequently injecting insulin to control sugar level in
blood. Glucose-sensing circuit was designed to sense glucose and activates
insulin synthesis (Yang et al. 2011). High concentration of glucose inhibits
cAMP synthesis, leading to a high level phosphorylation of OmpR that
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triggers a promoter of OmpC gene (Yang et al. 2011). Yang and colleagues
fused two genes encoded peptides o and f subunits of insulin with an OmpC
promoter to achieve glucose controlled insulin synthesis in E. coli. Such
BWBs provided a platform to test and debug glucose controlled insulin
synthesis system (designated as GlucOperon) before the sense-synthesis
system can be used in therapeutic application. Bacteria are able to activate
the responding regulatory system in the presence of drugs and drug-specific
BWBs has been successfully used for the detection and discovery of novel
drugs (e.g. ferrimycin A1) (Urban et al. 2007). Due to a different regulatory
response, a soil bacterium Bacillus subitlis has been employed as a chassis for
the construction of antibiotic BWBs (Urban et al. 2007). Five Bacillus subtilis
promoters were fused with firefly luciferase reporter luc, which are related
to DNA (yorB), RNA (yvgS), protein (yhel), cell wall (ypuA) and fatty acids
(fabHB) biosynthesis separately. Those BWBs are a light-off system (Fig.
8.1) and new antibiotics can be discovered due to their inhibitive effect of
DNA, RNA, protein, cell wall or fatty acids synthesis. Bacillus based BWBs
were used as a high-throughput approach to screen 14,000 pure natural
products with potential antibiotic activities (Urban et al. 2007). Quorum
sensing is a bacterial cell-cell communication mechanism that uses signal
molecules (autoinducers-Als) to sense bacterial population density and
triggers expression of some genes including virulent genes when the Als
concentration reaches a threshold. Some pathogens such as Pseudomonas
aeruginosa, Erwinia spp., Burkholderia cepacia, Serratia liquifaciens, Yersinia
enterocholitica, and Vibrio spp secrete small, self-generated signal molecules
(N-acyl homoserine lactones-AHL in most gram-negative bacteria) to
achieve intercellular communication. Different bacteria produce different
AHLs and have responding AHL-controlled promoters. Pathogen BWBs
consist of an AHL-controlled promoter fused to a reporter gene (e.g. lacZ or
the luxCDABE), which is able to detect the presence of AHLs (at pM level)
as indicators of specific pathogens (Massai et al. 2011). To simplify and
explore the clinical application, BWBs have been immobilized and dried on
filter paper strips to the detection of AHLs in human saliva with sensitivity
down to 10 nM (Struss et al. 2010). BWBs in medical and clinical application
are showing great promise. However there are limited publications of the
application of BWBs on human serum and urine samples. Future work will
be needed to explore more clinical applications.

APPLICATIONS TO AREAS OF HEALTH AND DISEASE

The function of BWBs is biologically detecting substances of interest. One
of the practical applications of the BWBs is to detect specific biomarkers
related to human diseases, such as uric acid, glucose, antibodies, hormones
and cancer-related factors including chemical agents, virus, and DNA
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damage caused by smoking and UV radiations. The role of BWBs for
human health and disease is firstly to provide a way to measure and assess
the potential risk that the substances would pose on humans and on the
environment when humans are exposed. The substances include pesticides,
herbicides, solvents, petrochemicals, heavy metals, antibiotics and drugs,
endocrine disruptors, pharmaceutical waste and radiation. Chemicals and
contaminants in the environment may exert two types of toxicity effects
on human and animal cells: cytotoxicity and genotoxicity. Cytotoxicity
involves inhibition of enzyme activity and cellular respiration, resulting
in an acute and immediate effect; while genotoxicity involves deleterious
actions on cellular genetic materials (DNA or RNA) and is usually related
to cancers and other genetic diseases. Since chemical compounds are
continually entering the environment, it is essential for safety assessments
to effectively identify contaminants that could potentially damage DNA
and lead to cancer or other genetic diseases.

The second role of BWBs for human health and disease is to provide
a way to diagnose and estimate the health status of a person by detecting
biomarkers when the person is being medical examined. This may include
saliva, serum, urine or skin-surface testing for disease biomarker, pathogen
and chemicals.

KEY FACTS

* The first whole-cell biosensor assay for toxicity detection was
reported in 1981 by Bulich (Bulich and Isenberq 1981). It used
bioluminescent bacteria to indicate the toxicity through the decrease
of bioluminescence upon the exposure to contaminated aquatic
samples.

* Most biosensors used in environmental and health monitoring cost
US$1-15 per analysis. Their sensitivity could reach as much as parts
per million to part per billion.

e Cytotoxicity is related to inhibition of enzyme and cellular activity,
which usually results in an acute and immediate effect. Compounds
responsible for cytotoxicity can be enzyme inhibitors such as cyanide
and heavy metal ions.

* Genotoxicity involves deleterious actions on cellular genetic materials
(DNA or RNA) and is usually related to cancers and other genetic
diseases. High concentrations of genotoxic compounds may also
result in cytotoxic effects.

* PAHs are of concern because some compounds have been identified
as carcinogenic and mutagenic. One PAH compound, benzo[a]
pyrene, is notable for being the first chemical carcinogen to be
discovered. However it is acknowledged that PAHs compounds
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donot damage the DNA until they are activated to their oxidized
metabolic intermediate by mammal cytochrome P450 in the liver.
Dioxins are a group of most toxic organic compounds. They are
from industrial processes (e.g. incineration) and natural events
(e.g. volcano eruptions). About 30 dioxin-related compounds are
significantly toxic, among them 2,3,7,8- tetrachlorodibenzo-p-dioxin
(TCDD) is the most toxic.

DEFINITIONS

Ames Test: The Ames test is a biological assay to assess the mutagenic
potential of chemical compounds. A positive test indicates that the
chemical might act as a carcinogen.

Bioavailability: In microbiology, bioavailability describes the extent
to which a chemical is accessed by an organism as well as the ability
for the chemical to cross an organism'’s cellular membrane from the
environment.

Cell array: A biosensor cell array consists of several biosensors with
different functions, so that a property matrix of chemicals or samples
being tested can be achieved in one analysis.

Chassis: Chassis is the bacterial host of BWBs, in which the genetic
modified elements is expressed.

Férster (or Fluorescence) resonance energy transfer (FRET): is a distance-
dependent interaction between two chromophores are located in
near-field (usually < 10 nm), in which excitation is transferred from a
donor molecule to an acceptor molecule. The FRET-based biosensor
is able to report local protein configuration changes induced by ions
and small molecules.

Induction ratio: Induction ratio is a very important concept in
biosensing which refers to the ratio of signal given by an induced
biosensor with a uninduced biosensor in the “light on” system. A
higher induction factor of different chemicals or samples to certain
biosensors implies a stronger effect of that chemical. And a higher
induction factor of the same chemical towards different biosensors
implies the sensitivity of the biosensor. For “light off” system,
inhibition ratio is used accordingly.

Bionanotechnology: Or Nanobiotechnology is to bring nanotechnology
to biological research. It uses nanomaterials to modify biological
elements to achieve novel functions.

Quorum sensing: Bacterial cell-cell communication by releasing and
sensing of small diffusible signal molecules, which trigger some gene
expression when it reaches a threshold.
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®  Riboswitch: A part of an mRNA molecule that can directly bind a
small target molecule which affects gene expression.

e Synthetic biology: Reprogram cells to carry out novel tasks by modifying
their software (e.g. nucleic acids, DNA /RNA) and hardware (cellular
machinery system, e.g. ribosome, RNA ploymerase).

SUMMARY POINTS

* BWBs have unique advantages over other sensing technologies in
toxicity and bioavailability assessment;

* Synthetic biology has been employed in BWBs design, construction,
modelling, debugging and test and characterization, which may be
able to push the technology forward by helping to develop more
robust, reliable and novel sensors for broad application;

* Bionanotechnology will endow BWBs with novel functions
(e.g. special catalysis) and make BWBs more compatible and
manipulative.

e With advances in molecular technology, a broad range of host species
(chassis) can be chosen to construct new BWBs that serve to different
purposes;

* BWBs can be rapid, simple, cost-effective, sensitive and accurate
enough to be a semi-quantitative tool, complementary to more
precise chemical analysis;

* Significant improvements in the biosensor characteristics are
still necessary, particularly the ability to sense contaminants in a
complex milieu containing multiple contaminants alongside many
other non-toxic compounds such as is found in natural soil or water
samples;

® The use of BWBs for human health applications involving patients
also faces challenges with regards to patient safety. Future work will
be needed to explore more clinical applications.
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ABBREVIATIONS

2,4-D : 2,4-Dichlorophenol

AHL : N-acyl homoserine lactones

BaP : Benzo[a]pyrene

BTEX : Benzene, toluene, ethylbenzene, and xylene

BWBs : Bacterial whole-cell biosensors

cYyp : cytochrome-P450-dependent monooxygenase

FMNH, : reduced flavin mononucleotide

FPs : fluorescent proteins

GFP : green fluorescent protein

YFP : yellow fluorescent protein

CFP : cyan fluorescent protein

RFP : red fluorescent protein

GC/MS : gas chromatography/mass spectrometry

HPLC : high-pressure liquid chromatography

MMC : mitomycin C

NPs : Nanoparticles

MNPs : Magnetic nanoparticles

PAHs : polycyclic aromatic hydrocarbons

PCB : polychlorinated biphenyls
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Environmental Toxicology
Monitoring with
Polyazetidine-based Enzymatic
Electrochemical Biosensors
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ABSTRACT

Polyazetidine prepolymer (PAP) has been used since two decades as an
immobilizing agent for proteins in biosensors development; some of them
are suitable for determination of toxics and pollutants either in inhibition
or direct analysis. PAP immobilization procedure is a combination of
physical entrapment and chemical cross linking towards several moieties
in the proteins; the most interesting features displayed by the obtained
layer are the permeability towards both analytes and electrochemical
mediators and the formation of an aqueous microenvironment suitable
to preserve a native-like structure of immobilized enzymes. Furthermore
the PAP layer ensures an optimal contact time between the enzyme and
the analytes to be determined especially important for the inhibition
based biosensor configuration. Examples of determination of pesticides,
herbicides, phycotoxins, biogenic amines and polyphenols with
PAP-based biosensors, are described herein.
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INTRODUCTION

The last years have been characterized by an increasing number of pollutants
released in the environment, especially by human activities in water. For
this reason there is a great need for disposable systems for screening and
real time monitoring, possibly “on-site”, of the several contaminants as
cheaply as possible. A wide number of analytical methods, based on the
most commonly employed physico-chemical techniques for the detection
of several pollutants (mainly HPLC, GC, MS or various combinations
of them), in environmental matrices are available (Barceld 1993). These
traditional techniques are extremely powerful in terms of sensitivity and
selectivity, but, apart from economic consideration, they also present some
drawbacks, because of the need for qualified staff and to carry out extensive
pretreatment processes on the sample to be assayed. More important, these
techniques cannot be applied on the spot, thus making the continuous
monitoring of a risky area virtually impossible. These reasons have led to
the development of alternative analytical devices and methods to be applied
for screening and monitoring of various contaminants in environmental
matrices, possibly minimizing the pretreatment of samples, reducing the
cost and time of analysis. Nonetheless, an ideal screening method should
satisfy the basic requirement of ensuring the detection of the different
contaminants without the risk of false negatives, and with a percentage of
false positive as low as possible.

In this direction, the use of alternative analytical methods, such as those
based on biosensors, would be very welcome, since they could represent
one of the most practical and inexpensive analytical devices, especially for
the preliminary screening of huge numbers of samples.

Biosensors are based on the coupling of a biochemical component
(usually an enzyme, an antibody or an aptamer) to a physic-chemical
transducer (electrochemical, optical, acoustic and so on). A particular
subclass of biosensors is represented by the electrochemical biosensors or
bioelectrodes which show a great potential in recent years and thus are
proposed as analytical tools for effective monitoring of the toxicological
risk (Palchetti et al. 2009). Electrochemical biosensors are cheap, fast,
sensitive and can be miniaturized so they can be used for on-site analysis
to provide enough information for routine testing and screening of samples.
In this work we focused our attention on the employment of enzymatic
electrochemical biosensors for toxicological risk assessment. Electrochemical
enzymatic biosensors for environmental monitoring are mainly based on
two operational mechanisms: the first mechanism involving the biocatalytic
reaction of the pollutants as enzymatic substrates and the second mechanism
involves the detection of pollutants that inhibit the enzymatic activity.
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These biosensors, can be classified into first, second and third generation:
a) first generation electrochemical biosensors, are based on the measurement
of the product of the enzymatic reaction, (i.e. hydrogen peroxide, NADH)
or on the monitoring of the consumption of the co-factor (i.e. oxygen); b)
second generation biosensors use an electron transfer mediator between
the enzyme redox center and the electrode surface; c) third-generation
biosensors are characterized by the direct electron transfer between the
electrode surface and the active site of the enzyme (Chaubey and Malhotra
2002). Nowadays, the most widely used electrochemical biosensors are the
electron transfer ones, which are based on the use of enzymes catalyzing
redox reactions.

One of the most important aspects that have to be taken into account in
the development of electrochemical enzymatic biosensors is represented by
the proteins immobilization on the electrode surface. An ideal immobilization
procedure should guarantee the stable presence of the proteins at the
electrode surface, maintaining their catalytic and biochemical properties
and, at the same time, allowing a good accessibility to the target analytes,
inhibitors, co-factors and in the case of second generation electrochemical
biosensors also to redox mediators. In the case of electrochemical third
generation biosensors the immobilization procedure should ensure also
intact electrocatalytic properties to the enzymes and promote an efficient
electron transfer communication with the electrode surface (Armstrong
and Wilson 2000; Katz and Willner 2004; Wang 2008). For these reasons the
protein immobilization procedure and its improvement are of paramount
importance in order to enhance biosensor performance.

The immobilization procedure based on the use of polyazetidine uses
both a chemical immobilization and a physical entrapment: this is possible
due to the peculiar features characterizing the polyazetidine prepolymer.
Indeed, PAP acts as a cross-linking agent as it is able to react with several
different organic moieties (thiolic, oxydril, carboxyl, and amino groups),
thus increasing the likelihood of chemical bonds being created with the
enzyme and thereby enhancing immobilization efficiency (see Scheme 1).

This scheme of possible reactions involving PAP and some of the most
important organic moieties emerges from the characterization performed
by Hercules, Inc., and was confirmed by us in several previously published
papers (Mascini and Mazzei 1987a, Mazzei et al. 1996b, Mazzei et al. 2004;
Botre et al. 1992). In these works, polyazetidine prepolymer (PAP) has
also been extensively used to develop first generation biosensors. In the
last few years, the employment of PAP as an immobilizing agent for redox
proteins on electrodes aiming to second and third generation biosensors
development is rapidly increasing thanks to the ability of PAP to preserve
the enzymatic electrocatalytic properties in both direct and mediated
electron transfer phenomena.
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The use of PAP as an immobilizing agent of redox proteins for use as
chemical sensors, transducers of biosensors, electrodes of biofuel cells, and
other devices allows to overcome several drawbacks occurring with other
procedures; in fact, one common method used for this purpose is to spread
polymeric membranes over the electrode surface. Such membranes can
be divided into two categories: redox polymers in which the redox active
sites are included in the polymer backbone or in the side chain, and ion-
exchange polymers in which the redox sites are immobilized by electrostatic
attraction (Cracknell et al. 2008). Most of the recent research in this field has
been focused on the ion-exchange polymeric films: the most extensively
studied of these is Nafion, a perfluorinated polysulfonate material
(Tsai et al. 2005). Nevertheless, a problem associated with many ion exchange
polymers, including Nafion, is that they yield small diffusion coefficients
for the immobilized species, specifically, a reduction of up to four orders
of magnitude with respect to the same species free in solution. For certain
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applications requiring rapid charge transfer, such as electrocatalysis, these
small diffusion coefficients are undesirable. On the other hand, hydrogels
have a number of characteristics that make them desirable electrode
coatings, especially for bioelectrochemical applications: high water content,
biocompatibility, low interfacial tension between hydrogel surface and
aqueous solution, excellent diffusion characteristics for small molecules
and ions, and optical transparency (Ratner and Hoffman 1976). PAP, once
spread onto an electrode surface without the addition of other compounds
to form a pure polymeric film, acts as a hydrogel and may thus be described
as a single-phase “aqueous” matrix with excellent diffusional characteristics,
representing an interesting alternative as an immobilizing agent in second
generation electrochemical biosensor development.

The special features of PAP become particularly important also in the
development of third generation biosensors (Shan et al. 2007; Zhang et al.
2004). These biosensors are characterized by several advantages over the
traditional electrochemical biosensors: indeed, the possibility of having
direct electron transfer between the protein and the electrode surface
enables in constructing biosensors without the use of redox mediators
thus obtaining a higher selectivity, because they can operate in a potential
window closer to the redox potential of the enzyme leading to a lower
sensitivity towards possible interfering reactions (Gorton et al. 1999).
Despite these advantages, direct electrical communication between redox
proteins and electrode supports is uncommon as it is often hindered by the
inaccessibility of the protein redox center, which thus limits the development
of this type of biosensor (Lu et al. 2006). The considerable progress made
in this field is evident by the modification of electrodes using appropriate
support providing a favorable micro-environment for the protein to
exchange its electron directly with the underlying electrode, entailing a new
opportunity for the detailed study of enzyme electrochemistry (De Groot et
al. 2007). In the last few years several immobilization procedures suitable
for studying direct electron transfer have been developed (Lu et al. 2007;
Wang et al. 2003; Zhang et al. 2007). Most of them are characterized by both
advantages and drawbacks, the greatest of which generally consists in (i)
the difficulty to ensure an adequate protein mobility in order to correctly
orientate its redox center, and thus to achieve a better electron transfer with
the electrode surface and (ii) the possible denaturation of the proteins when
they are directly adsorbed on to the electrode, leading to the loss of any
electrochemical activity (De Groot et al. 2005).

In view of the possible use of PAP as an immobilizing agent for electron
transfer based biosensors for toxicological studies, either the ability to retain
in a native-like structure of proteins and the polymer permeability to redox
mediator were evaluated.
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(Mazzei et al. 2004; Frasconi et al. 2009; Di Fusco et al. 2010; Tortolini et
al. 2010). More recently, a thorough investigation of the permeability of PAP
toward redox mediators when used as an immobilizing agent in second-
generation biosensor development was performed by determining the
diffusion coefficient of different redox mediators using the same electrode
surface before and after PAP deposition.

PERMEABILITY OF PAP IN BIOSENSORS DEVELOPMENT

The major problem to be addressed in the chronoamperometric
measurement of the diffusion coefficient using a membrane coated electrode
is the unknown analyte concentration in the hydrogel; to work around this
the data needs to be treated in accordance with the normalized Cottrell
equation (Denuault et al. 1991). The latter consists of a rearrangement of
the classical Cottrell equation describing the chronoamperometric response
of an electroactive species at a microdisk electrode (I): the rearrangement
consists in dividing by the steady state current (I,) thus obtaining that the
dependence on the analyte concentration in the hydrogel layer has been
elided.

1 rlm

—= +1

I, 4Dt

The plot of I/1, vs t'/2 (where t is the time elapsing after the
application of an appropriate potential step) has the form of a
straight line with an intercept equal to unity and a slope
S=(r-n'/?)/(4-D"?), from which it is possible to evaluate D if the radius (r) of
the microdisk is known. While potential-step chronoamperometry allows
a simple evaluation of the diffusion properties, scan voltammetry can be
used to investigate the efficiency of heterogeneous electron transfer. Because
of the steady-state nature of the diffusion layer at a microdisk electrode, a
sigmoidal voltammogram should be obtained at a slow scan rate (Howell
and Wightman 1984). The equation for the voltammetric response of such a
quasireversible redox reaction under steady-state conditions at a microdisk
electrode was proposed by Galus et al. (Galus et al. 1988): The logarithmic
form of this equation can be used to determine the standard heterogeneous
rate constant (k):

s 1 . 4D 1 (I,-1 I,-1
.1n — e 1n —
(1-o)nf mkr (1—o)nf I 1
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Where I, is the steady-state current, and I is thecalculated
reversible current. For a given value of the radiusr, the first
term on the right-hand side is constant; therefore, a plot of
E-E” vs In{[(I,-1)/I]-[(L,-1)/1]} should be linear with slope 1/(1-a)nf and
intercept [1/(1-a)nf] In(4D/nk r) from which the k_value may be easily

calculated, provided that r and D are known.

Measurement of Apparent Diffusion Coefficients and
Standard Heterogeneous Rate Constants

The apparent diffusion coefficients D of seven simple redox molecules (2,2’-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS),
catechol, dopamine, ferrocenecarboxylic acid (FcCOOH), ferricyanide,
ferrocyanide, osmium complex bis(2,2-bipyridyl)-4-aminomethylpyridine
chloride hexafluorophosphate (Os[(bpy), 4-AMP Cl]*)) were obtained (Di
Fusco et al. 2011) by means of potential-step chronoamperometry at different
temperatures either in absence and in presence of PAP; in the first case
the probe concentration is known, because of the lack of the membrane,
so the data were fitted (using a nonlinear fit algorithm) according to the
Cottrell equation and the diffusion current obtained at the steady-state I
was used to calculate D, values. On the other hand, the heterogeneous
rate constants k_ of the compounds at different temperatures were also
determined using steady-state voltammetry. The averaged results of all
compounds are listed in Table 9.1. The heterogeneous rate constants k_of the
compounds at different temperatures were also determined using steady-
state voltammetry observing that both the heterogeneous rate constants
and diffusion coefficients increase with increasing temperature as result
of the strict dependence of k on D, .

Table 9.1. Calculated apparent diffusion coefficients and heterogeneous electron transfer
constants for several compounds at 298 K using a platinum microelectrode (Di Fusco et al.

2011).
Compound Dapp (cm?s) RSD (%) k, (ms™) RSD (%)
ABTS 3.4x10° 0.5 5.5 x 107 0.5
Catechol 1.3 x10° 0.7 1.7 x 10+ 0.5
Dopamine 7.0 x 10 0.1 9.1x10° 0.1
FcCOOH 6.2 x 10 0.1 8.4 x 107 0.1
Fe(CN),* 52 x 10 02 72x10° 0.1
Fe(CN),> 75 x 10 0.1 9.8 x 107 0.1
Os|(bpy),4-AMP ClJ* 1.8 x 10 05 29 x10° 0.3
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The apparent diffusion coefficients D, =~ of the same compounds
were determined at different temperatures also in the presence of a PAP
membrane. Considering that in this case the unmodified Cottrell equation
cannot be employed because the presence of the polymeric layer produces a
variation in the concentration of the electroactive species near the electrode
surface, the data were fitted according to the normalized Cottrell equation
(described above), which allowed the diffusion coefficient to be calculated.
The results obtained (apparent diffusion coefficients and concentrations)
for the considered substrates are listed in Table 9.2.

Table 9.2. Calculated apparent diffusion coefficients and heterogeneous electron transfer
constants for several compounds at 298 K using a platinum microelectrode in the presence of
PAP membrane (Di Fusco et al. 2011).

Compound D, (em?*s™) | RSD (%) |C(mmol L") | k (ms™) RSD (%)
ABTS 2.4 x10° 1.3 1.97 43 x10° 1.5
Catechol 3.0 x 10° 21 4.58 1.2 x10* 2.2
Dopamine 1.5 x 10 12 5.04 5.6 x 10 13
FcCOOH 1.9 x10° 1.4 1.83 3.4 x 105 1.3
Fe(CN)* 5.3 x 107 14 25.13 1.1x10° 1.6
Fe(CN)*> 53 x10°¢ 15 2.05 9.0 x 107 15
Os[(bpy),4-AMPCI]* | 9.3 x 107 38 1.96 29 x10° 37

From the experimental data, a decrease in D, values in the presence
of the coated electrode is clearly evident compare(i to those obtained with
the bare electrode. In particular, it can be observed that on going from
substrates free to diffuse from the solution to substrates forced to cross a
membrane, the percent decrease of the apparent diffusion coefficient values
is different for the compounds investigated and is partly related to their
strength as electrolytes and their charge status. While ABTS and Fe(CN) *
are only slightly hindered and the apparent diffusion coefficients decrease
by about 30%, the positively charged osmium complex is more strongly
affected and the apparent diffusion coefficient decreases by about 50%; on
the other hand, the weak electrolytes FcCOOH, catechol, and dopamine are
hindered to a much greater extent and the apparent diffusion coefficients
are disrupted by 70-80%. Finally, it is interesting to note that Fe(CN)*
shows a completely different behavior with respect to the other negatively
charged compounds since its D___ value is the most affected and decreases
by almost 90%. This clearly suggests that the polymeric structure of PAP is
charged and this charge plays a crucial role in disrupting the diffusion of the
selected compounds toward the electrode surface. Indeed, the membrane
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structure is characterized by the presence of protonatable moieties such
as nitrogen atoms and amide groups that can exert a variable influence
on the apparent diffusion coefficients. For instance, the positively charged
polymeric structure of PAP probably causes repulsion toward the osmium
complex, significantly reducing the corresponding apparent diffusion
coefficient value. Likewise, the substrates that are weak electrolytes could
be hindered by electrostatic interactions between the protonated nitrogen
atom of PAP and the -COOH and -OH groups present in their side chains.
Although this tentative approach based on electrostatic repulsion provides
some explanation of the different behaviors observed, it is far from being
exhaustive: indeed, Fe(CN)* shows a different behavior with respect to
the other negatively charged compounds which seems to be inexplicable,
particularly in comparison with the behavior of Fe(CN),*. One explanation
that could satisfactorily fit all this experimental evidence is the tendency
of Fe(CN),* to form a stable ionic couple with quaternary ammonium ions
while, conversely, Fe(CN),> shows no effect at all under the same conditions
(Cohen and Plane 1957).

EveniftheD  andk valuesin the presence of PAP are smaller thanin
solution, this reduction is small enough to indicate that the PAP membrane
possesses excellent diffusion and electron-exchange properties with respect
to other membranes that are frequently used and reported in the literature.
The results indicate a very good permeability of the PAP layer to classical
electrochemical mediators, except for Fe(CN) *, the performance of which
is probably disrupted by the formation of a relatively stable ionic couple
with the polymeric structure of the hydrogel. This is of great importance
in view of the use of PAP as an immobilizing agent in electron transfer
biosensor development.

Key facts for diffusion

¢ Diffusion describes the spread of particles through random motion
(flux) from regions of higher concentration to regions of lower
concentration (concentration gradient);

¢ This phenomenon is described by the two Fick’s laws (considering

one dimensional motion of particles along the x axis, first Fick’s law:
oc . dc o’c
= - D—;second Fick’s law: —=D—)
ox dt 0x
* Diffusion coefficient is proportionality constant between the molar
flux due to molecular diffusion and the gradient in the concentration
of the species (or the driving force for diffusion).
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PAP BASED ENZYMATIC BIOELECTRODES FOR
ENVIRONMENTAL ANALYSIS

Inhibition Based Biosensors

Over the past 15 years, several examples of classical enzymatic biosensors
based on PAP immobilization have been reported; among them some have
been proposed for pollutants determination in environmental analysis.
Most of these biosensors are based on the inhibition effect of selected
toxic compounds towards target enzymes. The principle of operation of
these biosensors is based on the interaction that occurs between specific
chemical and biological agents (inhibitors), present in the sample, and the
biocatalyst (an enzyme, a polyenzymatic sequence and/or even a whole
tissue) immobilized on the biosensor itself. The response of the biosensor
is therefore a function of the reduced rate of the enzymatic reaction which
takes place at the sensor interface. The inhibition process is generally
diffusion-limited; in fact, the inhibitor concentration is normally low with
respect to the enzyme loading on the membrane. Another aspect that has
to be taken into account is the incubation time; in fact, there is a strict
relationship between the contact time of the inhibitor with the enzyme and
the inhibition response of the biodevices.

PAP based biosensors for pesticides and herbicides
analysis

As far as inhibition biosensors are concerned, most of them are suitable for
pesticides determination and rely on the inhibition of cholinesterase (AChE)
(Botre et al. 1994; Vastarella et al. 2007; Campanella et al. 1996a) or more
recently on the inhibition of either acid (Mazzei et al. 1996; Croci et al. 2001)
or alkaline phosphatase (Botre et al. 2000; Mazzei et al. 2004).

In fact, pesticides and nervine gases are among the best known
cholinesterase inhibitors; indeed organophosphorous compounds
phosphorylate hydroxyl groups of serine residues present an the enzyme
macromolecule with consequent changes of the enzyme structure and a
permanent inhibition of its activity (O’Brien 1967; Corbett 1974; Jury et al.
1987). Several biosensors either electrochemical, optical or piezoelectric are
based on the activity or inhibition of cholinesterase and are usually based
on the combined activity of the enzymes acetyl- or butyril-cholinesterase
and choline oxidase (ChOx) which catalyze the following reactions,
respectively:

AChE
acetylcholine + H,O —»choline + acetic acid
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ChOx
choline + 20, + H,O — betaine + H,0,

Both enzymes are entrapped and eventually crosslinked using
PAP while the electrochemical transducer is usually an amperometric
hydrogen peroxide sensing electrode which detects the production of
hydrogen peroxide (Botre et al. 1994; Vastarella et al. 2007). An alternative
determination has been proposed (Campanella et al. 1996) based on the use
of the enzyme butyril-cholinesterase alone immobilized with PAP and the
detection of pH change produced by the enzymatic reaction using an ion
selective FET as transducer; the use of a single enzyme entails a simpler
assembly and a more robust and cheaper device.

In one of these works a new integrated bioreactor-biosensor based
system has been proposed, for the determination of AChE inhibitors (Botre
et al. 1994), in particular organophosphorous compounds. The innovative
aspects of this device with respect to other systems described in the literature
are the following:

i. The two enzymes (AChE and ChOx) are not co-immobilized on the
same physic-chemical transducer; on the contrary, an AChE—chitin
complex is loaded on a column reactor, while ChOx is immobilized
onto an amperometric H,O,-sensing electrode.

ii. AChE is immobilized after extraction from a whole plant tissue (i.e.
the inner portion of the grapefruit shell), thus drastically reducing
the overall costs of the all system.

iii. The acetylcholine required for the detection of AChE inhibition is
continuously recycled into the reactor, thus enhancing the lower
detection limit of the system.

In Table 9.3 the main electroanalytical characterization of the AChE-
ChOx integrated device in the analysis of two of the most used pesticides
have been reported.

The AChE plant tissue bioreactor, coupled with the ChOx sensor,
resulted to be very effective for the detection of acetylcholine and of
acetylcholinesterase inhibitors. Particularly, the detection limits of 0.5 uM
(for ACh) and about 1 ppb (for malathion) are sufficient to match most
of the needs required by preliminary assays in various biological and
environmental studies. The advantages of the method proposed are: i)
the extremely easy preparation of both the AChE-chitin column reactor
and the ChOx-H,O, bioelectrode; ii) the markedly reduced overall cost of
the system, in comparison with “traditional” systems involving the use of
purified AChE; iii) the suitability for “on line” measurement; and iv) the
possibility of automation of the procedure.

© 2012 by Taylor & Francis Group, LLC



160 Biosensors and Environmental Health

Table 9.3. Analytical characterization of the system constituted by the AChE-chitin reactor and
the ChOx-H,O, sensor in pesticides standard solutions. Measurement performed in phosphate

buffer 0.1M pH=7.5 at 30°C (Botre et al. 1994).

Malathion

Paraoxon

Sample recycling time
(incubation time):

40 min

40 min

Equation of the calibration graph:

Y = 0.50X+12.45
Y= % of inhibition;
X= [Malathion] in ppb

Y=0.29X+10.70
Y= % of inhibition;
X= [Paraoxon] in ppb

Linearity range: 10-100 ppb 32-240 ppb
Correlation coefficient: 0.9967 0.9951
Lower detection limit: 1 ppb 10 ppb
Pooled Standard Deviation 2.8 % 3.0%

(in the linearity range):

Evenif the enzymatic systems that have been most extensively employed
for the realization of pesticide-sensitive biosensors are the cholinesterases
and especially the acyl-cholinesterase, some alternative systems have been
described. In fact, the major drawback of those biosensors is the irreversible
inhibition of the enzymatic activity; to overcome this limitation a new
class of pesticide-selective biosensors based on the reversible inhibition of
acid phosphatase enzyme have been presented. The proposed biosensors
(Botre et al. 2000; Mazzei et al. 2004) are basically glucose-6-phosphate
(G6P) sensitive biosensors, based on the combination of two enzymes, acid
phosphatase (AcP) and glucose oxidase (GOx), catalyzing the following
reactions respectively:

AcP
glucose-6-phosphate + H,0, = glucose + H,PO;

GOx
glucose + O, — gluconolactone + H,0,

AcP and GOx are coupled to an amperometric hydrogen peroxide
sensitive electrode, so that the current measured in the amperometric
detection of H,O, is proportional to the concentration of G6P in the
sample.

While GOx has always been employed in the form of purified enzyme,
physico-chemically immobilized on a suitable inert support, AcP has
been used either as a purified enzyme, coimmobilized with GOx, or in
the form of a whole plant tissue. In this latter case, a thin slice of potato
(Solanum tuberosum) tissue has been coupled to the GOx-based sensor. The
resulting bienzymatic biosensor, containing a biocatalytic membrane with

© 2012 by Taylor & Francis Group, LLC



Polyazetidine-based Biosensors 161
immobilized and purified enzyme as well as a whole plant tissue, is usually
defined as a “hybrid” biosensor. The determination of pesticides (malathion,
methyl parathion, paraoxon) (Mazzei et al. 1996a) has been carried out by
measuring their inhibition of the catalytic activity of AcP by either one of
the two G6P-selective biosensors.

Even alkaline phosphatase (AIP) instead of acid phosphatase (AcP)
has been employed for the same purpose either in the same configuration
of AcP (i.e. coupled to GOx to form a bienzymatic biosensor) (Botre et al.
2000) or in a more reliable monoenzymatic configuration using 3-indoxyl

0PO;?

phosphate as the substrate.
o
Ny -—s . —
! !

This reaction sequence allows to use only AIP (without the need
to couple it to GOx) because the obtained enzymatic reaction product
spontaneously oxidates forming hydrogen peroxide and thus allowing
direct amperometric transduction.

The analytical performances of all these types of PAP based inhibition

first generation biosensors for pesticides and herbicides analysis are
summarized in the Table 9.4.

Table 9.4 comparison of analytical performances for inhibition PAP-based biosensors.

Enzyme(s) | Transducer |Compounds detected Linearity | LOD |Ref.
used range | (ppb)
(ppb)
AChE + Pt electrode |Malathion 10-100 1 (Botre et al.
ChOx for H,0, Paraoxon 32-240 10 |1994)
Aldicarb 400-1300 100
AChE +  |Graphite SPE |Paraoxon 52-103.3 | 4.5 [(Vastarellaet
ChOx for H,0, al. 2007)
BuChE Ion selective | Paraoxon 3.3-12 3.0 |(Campanella
FET 17-82 10 |etal. 1996)
AcP + GOx|Pt electrode  |Malathion 4.4-15 3 (Mazzei et al.
for H,0, Methyl parathion 0.7-12 0.5 |1996a)
Paraoxon 6.2-18.3 5
AlIP + GOx | Pt electrode  |2,4-dichlorophenoxyacetic| 15-4200 10  [(Botre etal.
for H,0, 2000)
AIP Pt electrode |Malathion 0.2-45.0 0.1 |(Mazzei et al.
for H,0, 2,4-dichlorophenoxyacetic| 1.5-60.0 0.5 |2004)

ACHhE: acetylcholinesterase; AcP: acid phosphatase; AIP: alkaline phosphatase; BuChE:
butyrylcholinesterase; ChOx: choline oxidase; GOx: glucose oxidase
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PAP based biosensors for pesticides and phycotoxins
determination

The massive marketing and global distribution of marine organisms makes
the monitoring of seafood for toxin content a critical issue of food control
activity. Mussels filter approximately 20 liters of sea water per hour on
average, thus accumulating a great variety of chemical compounds in
their tissues. Among them, the most relevant as food contaminants are
undoubtedly the so-called algal toxins, i.e. toxins produced by various algae,
which are responsible for various diseases in man when ingested. These
toxins are classified according to their toxic effects. Usually, monitoring
procedures for algal toxins consist of sampling molluscan shellfish at the
harvesting sites and analyzing the samples before harvesting occurs. When
toxins are found in concentrations close to the safety tolerance threshold
established by law, the area of sampling is immediately closed to harvesting.
The area is re-opened when the values of toxin concentrations are again
below the safety threshold. During these periods, the frequency of sampling
can become as frequent as daily sampling. It is clear that a rapid, simple,
inexpensive, but nonetheless reliable and specific screening test for each
toxin (or group of toxins) would be invaluable for such needs.

For this aim a AcP/GOx biosensor previously described, based on
the inhibition effect of okadaic acid towards acid phosphatase has been
employed for the detection of one of the most important algal toxins (Croci et
al. 2001); okadaic acid (OA) a diarrhetic shellfish poisoning (DSP) which is a
lipophilic compound produced by several marine dinoflagellates belonging
to the genera Dinophysis and Prorocentrum.

The concentration of OA in the sample is easily determined by following
the reduced rate of H,O, production that takes place as a consequence of
the inhibitory capacity of OA towards AcP catalytic activity, making this
system suitable for the preliminary screening of real samples (see Tables
9.5 and 9.6).

The use of this bienzymatic inhibition electrode presented can be
recommended for the routine determination of OA in real samples of
mussels, due to its combination of good analytical features (response time,
lowest detection limit and range of linearity), reduced costs of operation
and maintainance, prolonged lifetime of operation of the bienzymatic layer,
and facility of use.

All the cited PAP based biosensors are based on the inhibition effect of
toxic compounds towards different enzymes; despite inhibition methods
being most widely employed for toxics and pollutants analysis, it has also
been reported that a PAP based biosensor based on different amine oxidase
able to directly detect the concentration of diamines are growing considerably
as important environmental compounds (Botré and Mazzei 1999).
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Table 9.5. Analytical characterization of the hybrid AcP/GOx inhibition biosensor for the
determination of OA in Citrate buffer 0.1M pH=6.0 at 37°C (Croci et al. 2001).

Response Time 20 min
Equation of the calibration graph: Y=68+18X
Y = Al (nA); X = [okadaic acid concentration] (ppb)

Linearity range (ppb): 2-22
Correlation coefficient: 0.9948
Lower detection limit (ppb): 0.5
Repeatibility of the measurements 2.5%
(as pooled standard deviation in the linearity range):

Lifetime of operation 60-80
(expressed as total number of assays)

Long term stability of the AcP/GOx biocatalytic layer at -18°C (days) 75-90

Table 9.6. Comparison between the results obtained by the proposed AcP/GOD-based
inhibition bioelectrode and by a reference HPLC technique. Data refer to the assays carried out
on acetonic extract of the hepatopancreas of naturally contaminated (n.c. 1-2) and artificially
contaminated (a.c. 1-2) mussels. Blank 1-2: control acetonic extract; n.d.: not detectable. Values
of OA concentration are given in ppm (Croci et al. 2001).

Sample n° Inhibition biosensor (a) HPLC (b) (a-b)/b (%)
Blank 1 n.d. n.d. -
Blank 2 n.d. n.d. -

nc.1 0.58 0.53 +9.4
n.c.2 0.58 0.54 +7.4
a.c. 1 2.2 2.0 +10
a.c.2 1.6 1.5 +6.7

Key facts for inhibition based biosensors

The inhibition process is diffusion-limited;
A major drawback of inhibition biosensors is the irreversible
inhibition of the enzymatic activity; to overcome this limitation a
new class of pesticide-selective biosensors based on the reversible
inhibition has been developed;

¢ Thereisastrict relationship between the contact time of the inhibitor
with the enzyme and the inhibition response of the biodevices.

¢ Themethods proposed here are characterized by: i) easy preparation;
ii) reduced overall cost; iii) sustainable for “on line” measurement
and automation of the procedure.

© 2012 by Taylor & Francis Group, LLC



164  Biosensors and Environmental Health

PAP based Enzymatic Electrodes for the Direct
Determination of Environmental Analytes

Biogenic amines determination

Biogenic amines (BAs) are nitrogen-containing compounds produced
during fermentation, from the decarboxylation of amino acids by yeast and
bacteria. The main biogenic amines are tyramine, histamine, putrescine,
cadaverine, tryptamine, spermine and spermidine. Formation of biogenic
amines can occur during food processing and storage as a result of bacterial
activities. Consequently, higher levels of these amines may be found in
food as a consequence of the use of poor quality raw materials, microbial
contamination and inappropriate food processing conditions or microbial
contamination. We have developed a first generation electrochemical
biosensors based on plant tissue diamino oxidase (DAO) PAP bioelectrode
(Botre and Mazzei 1999) for the determination of biogenic amines. DAO
is an enzyme which catalyzes the oxidation of agmatine, cadaverine, and
putrescine with the production of NH, and H,O, which can be detected
amperometrically.

DAO
putrescine + O, + HO — A’ — pyrroline + H,0,+ NH,

DAO
cadaverine + O, + H,O —» A’ — piperidine + H,0O,+ NH,

Based on these reactions, it is possible to detect putrescine in the range
0.5-320 pM with a LOD of 0.25 uM and cadaverine in the range 0.5-200 uM
with a LOD of 0.25 uM, respectively. This aspect, yet not fully developed,
opens to the possibility of direct measurement of diamines in environmental
samples by a PAP based biosensor.

Polyphenols determination

Recently described PAP based biosensors also offer the opportunity of
directly measuring the concentration of substrates for laccase enzymes,
namely polyphenols or catecholamines which may cause environmental
issues. In this study (Tortolini et al. 2010) either Trametes versicolor Laccase
(TvL) or Trametes hirsuta Laccase (ThL) was immobilized by means of PAP
on screen printed electrodes based on multi-walled carbon nanotubes
(MWCNTs) thus enabling increased conductivity, high surface area matrix,
flexibility and reactivity thereof. In order to explore the possibility of
applying the proposed laccase biosensor to polyphenols determination
in real samples, typical calibration curves for the considered compounds
were carried out by chronoamperometry measurements at a fixed potential
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(E==100 mV vs Ag/AgCl/KCI_ ). The non-phenolic ABTS shows a good
sensitivity with respect to both Laccases as well as catechol among the
phenolic compounds. Catecholamines show similar sensitivity for TvL
based biosensor, on the contrary for ThL based one, methyldopa shows
a different behavior. The limits of detection (LODs) of the proposed
biosensors toward the phenolic compounds under investigation are ranged
0.01-0.32 mg L' for TvL-based biosensor and 0.003-0.24 mg L™ for ThL
one. Moreover, in the case of catecholamines analysis the LODs of TvL and
ThL-modified electrode are within 0.24-0.75 mg L™ and 0.001-0.53 mg L,
respectively.

Key facts for PAP based biosensors for the direct
determination of environmental analytes

¢ The linearity range obtained for the determination of putrescine is
0.5-320 uM with a LOD of 0.25 uM and for cadaverine is 0.5-200
M with a LOD of 0.25 pM.

¢ The LODs obtained for several phenols taken into account are ranged
0.01-0.32 mg L for TvL-based biosensor and 0.003-0.24 mg L' for
ThL one.

* For catecholamines analysis the LODs of TvL and ThL-modified
electrode are within 0.24-0.75 mg L' and 0.001-0.53 mg L™,
respectively.

DEFINITIONS

* Biosensor: A biosensor is an analytical device for the detection of an

analyte that combines a biological component with a physicochemical
detector component.
It consists of: a) the biorecognition element (biological material
(e.g. tissue, microorganisms, organelles, cell receptors, enzymes,
antibodies, nucleic acids, etc.), a biologically derived material or
biomimic); b) the physicochemical transducer (optical, piezoelectric,
electrochemical, etc.) that transforms the signal resulting from the
interaction of the analyte with the biological element into an electrical
signal.

*  Polyazetidine prepolymer: it helps in realizing both a chemical and a
physical immobilization: this is possible due to its peculiar features.
Indeed, polyazetidine acts as a cross-linking agent as it is able to react
with several different organic moieties (thiolic, oxydril, carboxyl,
and amino groups), thus increasing the likelihood of chemical
bonds being created with the enzyme and thereby enhancing
immobilization efficiency.
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® Pesticides: are substances or mixture of substances intended for
preventing, destroying, repelling or mitigating any pest.

®  Herbicides: An herbicide, commonly known as a weedkiller, is a type
of pesticide used to kill unwanted plants

® Polyphenols: are a structural class of natural, synthetic, and
semisynthetic organic chemicals characterized by the presence of
large multiples of phenol units (phenol is an organic compound
with the chemical formula C.H,OH).

®  Marine toxins: are naturally occurring chemicals that can contaminate
certain seafood. The seafood contaminated with these chemicals
frequently looks, smells, and tastes normal, but can make people
sick if they eat it.

APPLICATION TO OTHER AREAS OF HEALTH AND
DISEASE

Electrochemical biosensors represent low-cost disposable devices for a
variety of application areas related to human health diagnosis. Anumber of
biosensors based on different enzymes are available for monitoring clinically
important parameters such as glucose, pyruvate (Mascini and Mazzei
et al. 1987a), and lactate for whole blood in extracorporeal experiments
with an endocrine artificial pancreas (Mascini et al. 1987b), as well as for
contaminants in food matrices (toxins, heavy metals, etc.).

SUMMARY POINTS

* The suitability of PAP as an enzyme immobilizing agent for the
development of both second- and third generation electron transfer
based biosensors is well documented in literature; the main key
facts of PAP for these applications are: (i) a good permeability of
the PAP layer to classical electrochemical mediators; (ii) the efficient
entrapment of proteins therein without loss of bioelectrochemical
properties, suggesting instead the maintenance of the native-
like structural properties and (iii) the effective heterogeneous
electron transfer at the interface PAP-electrode surface have been
demonstrated.

e The use of PAP resulted in a simplified and cost-effective
immobilization procedure that also ensured a good stability and
reproducibility of the enzymatic—polymeric film.
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e PAP offers a biocompatible micro-environment for confining
biomacromolecules and foreshadows the great potentiality of
this immobilizing agent not only in theoretical studies of protein
direct electron transfer but also from the point of view of possible
application to the development of electrochemical biosensors.

ABBREVIATIONS

ABTS : 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt

AChE : acetylcholinesterase

AcP : acid phosphatase

AlP : alkaline phosphatase

BuChE : butyrylcholinesterase

ChOx : choline oxidase

FcCOOH : ferrocenecarboxylic acid

GOx : glucose oxidase

LOD : Limit of detection

PAP : polyazetidine prepolymer

Os|(bpy), : osmium complex bis(2,2-bipyridyl)-

4-AMP ClJ* 4-aminomethylpyridine chloride
hexafluorophosphate
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Polycyclic Aromatic
Hydrocarbon (PAH) Sensitive
Bacterial Biosensors in
Environmental Health

Mona Wells

ABSTRACT

Polycyclic aromatic hydrocarbon (PAH) exposure leads to adverse effects
on most systems in the human body. A primary concern is carcinogenicity,
but prenatal developmental mental impairment extending into early
childhood and endocrine disruption are emerging concerns. PAHs
are one of the most prevalent environmental contaminants, released
primarily by anthropogenic/human activity. Bioavailability is the key
—PAHs that are not bioavailable are not harmful. Presently, however,
environmental PAHs are often characterized by total chemical load.
Bioavailbility, when investigated, is often approximated using abiotic
methods. Whole-cell bacterial biosensors, known as bioreporters,
offer a unique approach to the determination of bioavailability, and
can convey additional information, e.g. via subpopulation responses,
visualization of response as a function of heterogeneous matrix, etc.
The functional mechanism of bioreporters covered here depends on a
target compound’s passing through the cell membrane and binding to
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a regulatory protein, which activates transcription of a reporter gene.
Subsequent translation produces an optically active reporter molecule.
An overview of important developments of bioreporter applications
to environmental PAHs is given, including notable examples of using
bioreporters to understand PAH provenance and bioavailability
from oil spills. Areas for future development are briefly summarized,
including development of 1) reporters for higher molecular weight
PAHs, 2) improved bioreporter-specific assays, and 3) improved assays
for bioavailability.

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are a class of compounds
that consist of fused aromatic rings and are one of the most widespread
environmental pollutants. PAH-bearing materials usually contain a number
of different individual PAHs, many of which are known or suspected
to pose an environmental health threat, inclusive of being carcinogenic,
mutagenic, and teratogenic. Measurement of PAHs is a prerequisite to
risk assessment, and the common approach is chemical analysis. Chemical
analysis has the fundamental shortcoming of not addressing bioavailability,
which is important since that which is not bioavailable, is not toxic. Due to
their environmental prevalence and chemical behavior, wherein there is a
large variation of PAH affinity for various natural materials, bioavailability
is arguably even more important to understand for PAHs than for other
classes of environmental pollutants.

Whole-cell bacterial biosensors, or bioreporters, combine advantages
of both chemical and ecotoxicological approaches to environmental
measurement and are suited for assessment of PAH environmental health
issues. This chapter will describe environmentally important PAHs,
their health effects, their chemical properties and important aspects
of these that relate to environmental health. Subsequently the chapter
details measurement, a review of progress to date in using bioreporters
to assess environmental PAH bioavailability, including notable examples
of bioreporter applications to oil spill studies, differentiating aspects of
bioreporters, and a future outlook for technology.

ENVIRONMENTALLY IMPORTANT PAHs, SOURCES,
SINKS, AND OVERVIEW OF EFFECTS

PAHs are highly prevalent in the environment, and anthropogenic and /or
anthropogenically labilized sources constitute the majority of bioavailable
PAHs. Important environmental sources of PAHs are summarized as follows
(IPCS 1998):
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e Adventitious mobilization of tars and pitch products;

e Oil spills, and spills/release of refined fossil fuel products that
contain high quantities of PAHs;

* Burning to clear agricultural fields;

e Exhausts from mobile sources (e.g. road vehicles, ships, and
aircraft);

* Industrial operations (e.g. aluminum foundries, incinerators, other
stationary industrial combustion);

e Combustion from domestic heating/fireplaces;

* Burning coal for energy production;

* Burning wastes;

* Smoking tobacco;

* Spreading of contaminated sewage on agricultural fields; and

e Forest fires and volcanic eruptions.

The above list reflects three basic processes that lead to PAH release
in the environment; these are 1) release from materials that inherently
contain large amounts of PAHs, 2) release from high-temperature chemical
transformations associated with burning/combustion, and 3) release from
contaminated materials. Crude oil and coal deposits fall into the first
class, inherently containing substantial amounts of PAHs that arise from
diagenesis of natural organic matter and subsequent processing alterations
thereof (Roy 1995). Most of the remaining sources are in the second class,
involving induced high-temperature transformations. The third class of PAH
source, contamination, is typically an outcome of PAH chemical properties
—for instance, sewage in itself is not likely to contain PAHs. However,
PAHs are lipophilic, i.e. more like oil than water, and not very soluble in
water (solubility decreases approximately one order of magnitude for each
additional ring fusion). As a result, PAHs in the environment “stick” to soil,
sediment, aerosol particles in air, or any other solid rather than remaining
in water or air itself. Sewage sludge is thus readily contaminated from,
for example, PAHs in stormwater runoff containing automobile exhaust
particulates, engine oil, etc. This stickiness also entails that vegetables/
produce and livestock coming into contact with contaminated water or soil
could serve as a human exposure route via food.

In recognition of environmental health concerns, in 1979 the US EPA
classed 16 PAHs as EPA Priority PAHs (US EPA 1979). Though additional
PAHs have since been identified as posing environmental concern, these
still constitute the suite that are most frequently analyzed in evaluation of
environmental samples. In the EU, the Scientific Committee on Food (SCF)
has identified 15 PAHs of concern with respect to carcinoginicity, subsequent
to which an additional PAH has been added as probably carcinogenic
(EFSA 2008). This group of 16 PAHs is commonly referred to as 15+1 EU
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priority PAHs for which there is EU legislation to ensure food safety (EU
2005). The US Agency for Toxic Substances and Disease Registry (ATSDR
1995) has classed yet a third grouping of 17 PAHs as concern with respect
to health effects. Although there are additional groupings of PAHs that
have been categorized as posing environmental health threats, these three
groupings, listed in Table 10.1, are very commonly used as food safety and
environmental assessment indicators.

Because the genotoxic activity of PAH benzo[a]pyrene (BaP) has been
studied the most, it is the basis for the US EPA (1993) relative potency
factors (RPF) for cancer, having a RPF = 1. In contrast, of the other US
EPA Priority PAHs, dibenz[ah]anthracene has an RPF of 5, and the PAHs
benzo[alanthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, and
indeno[1,2,3-cd]pyrene have RPFs of 0.1. Figure 10.1 shows the structures
of the PAHs listed in Table 10.1, with the PAH bay region being indicated
for dibenzo[ah]pyrene (Melendez-Colon et al. 2000). The US EPA RPFs are
under review, with a draft document issued, though citation of same is
proscribed at this time.

PAH toxicity varies greatly, depending on the structure of the
individual PAH, and can range from relatively nontoxic to very toxic. Since
PAHs typically present as a mixture, it is difficult to assess the relative

anthracene
phenanthrene fluorene

fluoranthene

pyrene
triphenylene

chrysene benzolkfluoranthene

benzo[a]pyrene perylene indeno[1,2,3-cd]pyrene
benzoe]pyrene benzo[ghilperylene

 bay
region
dibenzo[ah]pyrene

dibenzo[allpyrene

Figure 10.1. Chemical structures of PAHs relevant to environmental health (see Table 9.1).
Unpublished figure.
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Table 10.1. Summary of PAHs important to environmental health, by molecular weight.

PAH Molecular Weight | EPA Priority® | EU 15+1 ATSDR
(a.m.u.)
Acenaphthylene 152 v v
Acenaphthene 154 4 v
Fluorene 166 4 v
Phenanthrene 178 v v
Anthracene 178 v v
Fluoranthene 202 v v
Pyrene 202 v v
Benzo[a]fluorene 216 v
Cyclopenta[cd]pyrene 226 v
Benz[a]anthracene 228 v 4 v
Triphenylene 228
Chrysene 228 v v v
6-Methylchrysene 242 v
Benzo[b]fluoranthene 252 v v v
Benzo[j]fluoranthene 252 v 4
Benzo[k]fluoranthene 252 v 4 4
Benzola]pyrene 252 v v v
Benzo|e]pyrene 252 v
Perylene 252
Indeno[1,2,3-cd]pyrene 276 v v v
Benzo[ghi]perylene 276 v v v
Dibenzo[ah]anthracene 278 v v v
Dibenzo[al]pyrene 302 4
Dibenzol[ai]pyrene 302 v
Dibenzo[ae]pyrene 302 v
Dibenzo[ah]pyrene 302 4

*Luch (2005) also classes the PAHs coronene and ovalene of important human health/
environmental concern.

"The original group of 16 US EPA Priority PAHs includes naphthalene, though it is not
technically a PAH; see main text for details.

Unpublished table.

contributions that individuals will have in mediating effects, particularly
with the potential for synergistic effects. Table 10.1 PAHs relate most closely
to carcinoginicity, but concerns are not limited to cancer. There is emerging
evidence about how PAHs affect children, infants, and embryos. Studies
indicate that high prenatal exposure to PAH is associated with low 1Q,
low birth weight, heart malformations, DNA damage and early childhood
developmental delays (Perera et al. 2009 and references therein). The EU
Commission Regulation (EC) No 208/2005 acknowledges the concerns
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for infant health in that it contains four subsections (in Section 7.1.2)
with specific limits on levels permissible for infants, and these limits are
at minimum a factor of two lower than any others in the regulation (EU
2005). PAHs have also recently been recognized as potential environmental
endocrine-disrupting chemicals (EDCs) acting as antiestrogens by blocking
the activation of the estrogen receptor or by binding the aryl hydrocarbon
(Ah) receptor leading to induction of Ah-responsive genes that lead to
antiestrogenic responses (Rodriguez-Mozaz et al. 2004).

The world human population is still growing, and the anthropogenic
provenance of PAHs ensures that the prevalence of PAHs in the environment
will increase, and with greater concerns regarding PAH exposure and
impact on environmental health. This entails an increasing requirement for
measurement of PAHs and different approaches to measurement in order
to assess environmental health risks.

MEASUREMENT OF PAHs—CHEMICAL LOAD vs.
BIOAVAILABILITY

The traditional approach to PAH measurement is chemical analysis. Most
environmental samples have a complex matrix, i.e. the material containing
the mixture of PAHs requiring analysis is itself a very complex mixture of
chemicals. Such a matrix binds PAHs in analytically inaccessible forms. As a
result, one of the first steps in chemical analysis is total digestion wherein a
sample is typically macerated in a strong organic solvent, such as methylene
chloride or hexane, effectively extracting PAHs, followed by purification/
concentration and instrumental chemical analysis, e.g. see Deepthike et al.
(2009). Due to the nature of the digestion, results obtained in this way are
typically referred to as representing the total chemical load of PAHs in a
material. Digestion methods used for determination of total chemical load
represent a process of liberating the PAH from the matrix that is entirely
artificial and not at all equivalent to biological processes. Hence chemical
load, in some cases, will be a gross overestimation of the fraction of PAHs
that are bioavailable or even bioaccessible.

Recognizing the limitations of total chemical load, the last two
decades have witnessed an increasing level of interest in methods to assess
bioavailability and bioaccessibility. The word bioavailable is most often
taken to indicate availability to biota. Traditional ecotoxicological methods
involve biota and measure the consequent effects of bioavailability—i.e.
mortality may result from springtails or fat head minnow exposure to a
compound that is both bioavailable and toxic, but the net result depends
on both. Perhaps counterintuitively, if not perversely, there are many
chemical methods that do not employ biota of any sort that are presently

© 2012 by Taylor & Francis Group, LLC



176  Biosensors and Environmental Health

used to measure bioavailability. There are many examples of such non-
biotic approaches, and these rely on chemical partitioning. For instance,
semi-permeable membrane devices (SMDs), e.g. Short et al. (2008) function
by PAH’s diffusing from surrounding water or soil/sediment through a
membrane and preferentially partitioning into a lipophilic interior (with
subsequent extraction and chemical analysis). This type of approach may
well mimic biological systems in a static sense—i.e. when there is no
complex biological dynamic or series of feedback loops present, and all
biological uptake occurs via unperturbed partitioning. However, it is a
misnomer to label such an approach as measuring bioavailability since no
biota are involved and instead biota are simulated via chemical proxy. As
such, it is more appropriate to recognize that such approaches measure
“availability to chemical proxy”, i.e. chemoavailability, a term whose use
acknowledges that in some cases measurements involving chemical proxy
differ from bioavailability, as explained in more detail below.

Bacterial whole-cell biosensors, or bioreporters, as living organisms
measure bioavailability (van der Meer et al. 2004). On exposure to an
analyte or mixture of analytes, bacterial bioreporters respond by producing
a measurable signal, not always, but usually, optical (via a chromophore,
fluorophore, or luminophore reporter molecule). Bioreporters are usually
genetically modified organisms whose cellular response is based on a
change in the physicochemical condition (pH, temperature, etc.) or the
molecular recognition of a chemical compound (e.g. PAHs), the said
response being reported by the reporter gene that leads to synthesis of
reporter molecules (Fig. 10.2). A motif of the reporters discussed herein is
that their function is based on sensor and regulator proteins of a metabolic
pathway, i.e. not an intracellular pathway for toxicity response. A reporter
that senses a PAH in the process of utilizing the same as a carbon source is
clearly engaged in a process that is not equivalent to chemical partitioning
(chemoavailability). Most bioreporters that have been reported for PAHs
demonstrate response to more than one PAH, which is a disadvantage if
the goal is quantitation of each individually, but may be an advantage in
terms of detecting groups of PAHs having similar properties, particularly
given the Bay Region Hypothesis of PAH carcinoginicity. The basic
paradigmatic differences between approaches to measurement of total
chemical load, chemoavailability, bioavailability (e.g. via bioreporters), and
ecotoxicological response is shown in Fig. 10.3.

Areview of bioreporters distinguishes three separate categories—Class
I, II, and I1I, depending on how bioreporter molecular recognition/response
takes place (van der Meer 2004). Bioreporters that react specifically to a
single compound or class of compounds via an increase in the output
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Figure 10.2. Schematic showing idealized/simplified mechanism of response for Class I
bacterial bioreporters. Unpublished figure.

Color image of this figure appears in the color plate section at the end of the book.

signal are Class I, those that react to more generic stimuli (e.g. heat shock,
oxidative stress, etc.) via an increase in the output signal are Class II, and
those that react to a single or mixture of compounds and/or stresses via a
decrease in the output signal are Class III. Class III reporters are, in terms
of the measurement paradigms illustrated in Fig. 10.3, ecotoxicological,
and Class I reporters are most relevant to understanding bioavailability
of PAHs (compound/compound-class specific). The next section of this
chapter covers an overview of selected applications of Class I bioreporters
to the determination of environmental PAHs. The penultimate section
details aspects of why bioavailability (e.g. as determined with bioreporters)
is a fundamentally different measurement than chemoavailability, and the
chapter will conclude with an outlook for the future.
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Figure 10.3. Paradigmatic differences between measurement approaches for PAHs.
Unpublished figure.
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OVERVIEW OF BIOREPORTER STUDIES ON PAHs

Class I bioreporters were in development in the 1990s, but the technology
is still not in wide use compared with methods to determine, e.g. chemical
load, or chemoavailability. Regarding PAHs, some notable early papers
were published on the bioluminescent strain Pseudomonas fluorescens HK44,
which responds to naphthalene. While naphthalene is not technically a
PAH according to the International Union of Pure and Applied Chemists
(IUPAC), because it is only bicyclic (2 fused rings), it is often referred to
as such and used as a model PAH. One early paper involving strain HK44
(Matrubutham et al. 1997) looked at response over 35 dy in simulated
groundwaters and for alginate immobilized cells. This study found that
there was no bioluminescent response from cells incubated in groundwater
samples with pH below 6, and pHs below 6 would certainly not be unusual
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for the intended application, i.e. the strain would be useful for monitoring
in very mildly acidic to neutral conditions. The study also found that strain
response was much better in nutrient (and carbon) deprived conditions,
such as would be normal for long-term field studies.

A year later, in 1998, the BBIC (bioluminescent bioreporter integrated
circuit) was demonstrated, wherein a bioreporter was immobilized to a
CMOS (complementary metal-oxide semiconductor) integrated circuit
to produce a chip-based sensor with a bioreporting transducer element.
Simpson et al. (1998) demonstrated the principle using a strain sensitive to
toluene, but a later expanded report utilized strain Pseudomonas fluorescens
5RL (Simpson et al. 2001), sensitive to naphthalene, and more recently a
study has been published that reports an improved performance BBIC
(Vijayaraghavan et al. 2007). The effector molecule for the strains HK44
and 5RL in these studies is salicylate, i.e. the strains are responsive to a
metabolite of naphthalene, and induction of response was achieved in
early studies using salicylate. Vijayaraghavan et al. (2007) specifically
demonstrate applicability of air analysis to detect naphthalene in an air
stream. While all of these studies indicated that the strains used were
specific to naphthalene (salicylate), none explicitly stated details of response
testing on other PAHs.

In the first notable demonstration of reporter technology for a true PAH,
the authors mutated a fluorene-degrading strain to produce a modification,
strain Sphingomonas sp. LB132, wherein fluorene degradation was impaired
and exposure instead resulted in luminescence (Bastiaens et al. 2001). Strain
LB132 demonstrated that, as with chemical analysis (though probably
different in causation), there is an analyte concentration range below
detection (no response), an optimal detection range with linear response,
and a concentration range at which response is uniform/saturated.
Response was tested for a number of other PAHs, but none demonstrated
a detectable signal-to-noise ratio (greater than three). Diesel fuel, on the
other hand, which contains a complex mixture of PAHs, demonstrated a
clearly detectable response (see Fig. 10.4). The strain was also responsive
to four fluorene metabolites, suggesting that, as with Pseudomonas strains
HK44 and 5RL discussed above, the reporter is sensitive to metabolites
rather than the analyte of interest per se.

In 2006, Tecon et al. reported the development and use of a
phenanthrene bioreporter, Burkholderia sp. strain RP037, which produces a
green fluorescent protein (GFP) signal. One issue that led to the popularity of
using naphthalene as a model PAH is aqueous solubility, which is higher for
naphthalene than for any of the PAHs. Solubility is naphthalene > fluorene
> phenanthrene, with the difference being around an order of magnitude
between each, hence this paper represented a significant advance. Unlike
studies of reporters showing a surfeit of carbon source can sometimes
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Figure 10.4. Average response of fluorene reporting strain Sphingomonas sp. LB132 to individual
PAHs and a mixture of PAHs in diesel fuel. Raw data from Bastiaens et al. (2001). Unpublished
figure. Dashed line represents limit of detection (units are S/N, signal to noise ratio).
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Figure 10.5. Response of Burkholderia sp. strain RP037 to a mixture of PAHs (units expressed
as naphthalene equivalents) in Gulf of Alaska coals and in Exxon Valdez crude oil (from oil
spill). Coal response is same as blank, i.e. PAHs from coal are biounavailable, whereas PAHs
from crude oil are fully bioavailable. Response is expressed in fluorimetric peak areas; raw
data from Deepthike et al. (2009). Unpublished figure.

adversely affect response (e.g. vida supra), the RP037 response precision
was higher with a secondary carbon source. The strain was also found to
be differentially (more) responsive to naphthalene and produced a strong
positive response to a lampblack soil contaminated with a complex PAH
assemblage. The authors proposed that the cumulative PAH response might
be referred to in terms of phenanthrene equivalents, though this has since
been changed to naphthalene equivalents in recognition of naphthalene
being the model compound. The most notable aspect of this work involved
its consideration of the unique contribution that bioreporters have to make
in the measurement of bioavailability, described later.
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An important source of environmental PAHs is oil spills. The recent
catastrophe of the Deepwater Horizon demonstrates the unfortunate
validity for concern with respect to environmental health, given the
known PAH load in crude oil (Deepthike et al. 2009). While no bioreporter
studies have yet been published relating to this disaster, it did occur in the
immediate wake of publication of two reports demonstrating the use of
bioreporters for PAHs from oil (Deepthike et al. 2009; Tecon et al. 2010).
The latter examined the response of a multi-strain platform to artificial
(i.e.lab simulated) oil spills. The strains on the platform were responsive to
alkanes, BTEX (benzene, toluene, ethyl benzene, xylene), hydroxybiphenyl,
DNA damaging agents (Class II response), and PAHs in the form of
naphthalene, dimethylnaphthalene, and phenanthrene (luminescent strain
B. sartisoli RP007). This study found that, unlike alkanes and BTEX, for
PAHs the appearance of naphthalene equivalent aqueous concentrations
started later and resembled a saturation-type dissolution. The results
indicated that volatilization and microbial degradation of PAHs proceed
slowly, with the implication being that this contributes to the late toxicity
of oil spills. Chemical analysis showed that the most abundant dissolved
PAHs were naphthalene, methylnaphthalenes, dimethylnaphthalenes, and
phenanthrene, and the bioreporter response observed was significantly
higher than what would be expected for the level of naphthalene alone,
hence verifying that the PAH reporter was responding to an assemblage
of bioavailable PAHs.

Another oil spill bioreporter study was published by Deepthike et al.
(2009) and involved a 20th year retrospective analysis of PAH provenance
with respect to the Exxon Valdez Oil Spill. The premise of the study was
simple regarding PAH provenance. Authochthonous coals and related
geomaterials from around the Gulf of Alaska have been implicated as
responsible for persistent PAH signatures there rather than crude oil
released from the Exxon Valdez spill. The study used the Burkholderia sartisoli
sp. RP037 strain of Tecon et al. (2006) to assess bioreporter response to a
suite of relevant coals, and compared the coal response to that of Exxon
Valdez Crude Oil (EVCO) soiled kaolinite. Since lipophilic materials do
not measurably partition to kaolinite, this represents material from which
the bioavailability of EVCO PAHSs can be assessed in a geomorphic form
(Kohlmeier et al. 2008). Coal and EVCO/kaolinite sample suites had a similar
concentration range of PAHs, from low to high. The results showed that
PAHs in the Alaskan coals were biounavailable, with bioreporter response
being the same, to within uncertainty, as that for non-PAH containing
controls. Conversely, the EVCO soiled kaolinite showed a clear dose-related
response. As with the Tecon et al. (2010) study, the bioreporter response to
EVCO was approximately equivalent to the naphthalene equivalent PAH
load (i.e. greater than for naphthalene alone).
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The Deepthike et al. (2009) study, despite its simplicity, generated
substantial controversy (Deepthike et al. 2010; Page et al. 2010). While it is
impossible to separate the technical from the inherent conflict of interest
in the energy industries’ funding of scientific research, the extent of which
has been the topic of a report entitled Big Oil U., published by the Center
for Science in the Public Interest’s Integrity in Science Project (CSPI 2008).
Recalling that the vast majority of sources for PAHs in the environment are
anthropogenic, and that as a class of compounds the known health threats
from PAH exposure are increasing, the need for disinterested objectivity
and transparency will be increasingly important as well.

This section concludes with a brief consideration of the potential
versatility of bioreporters. The Tecon et al. (2006) study cited above also
assessed live vs. dead cells via staining and noted that dead cells were
low in GFP, whereas live cells were high in GFP. Their use of GFP also
demonstrated another facet of bioreporter application—the reporter gene
used can be exploited to different effect. Bioluminescent reporters are
perhaps most commonly used since the absence of optical background
is useful in obtaining the highest possible detection limits. On the other
hand, the use of fluorescent reporters allows possibilities that are either
absent or more difficult to exploit with luminescence. One of these is
exploitation of subpopulation effects/analysis, as demonstrated implicitly
by Tecon et al. (2006), and explicitly discussed in terms of the effect on
detection by Kohlmeier et al. (2007). Another is single cell analysis (to
date only demonstrated for an arsenic reporter, Wells et al. 2005). Finally,
visualization of response in heterogeneous media is an exciting prospect
that has been demonstrated for PAH detection by Tecon et al. (2009)
wherein a double tagged reporter, Burkholderia sartisoli RP037-mChe, was
used to track PAH release from complex environmental matrices and
PAH diffusion through media over time. Unifying several of these themes
(subpopulation analysis, simultaneous study of live and dead cells, with
potential to monitor bioavailability and toxicity at once, visualization),
Shin et al. (2011) published a study wherein two fluorescent phenanthrene
reporters, Sphingomonas paucimobilis EPA505 strains D and S, were exposed
to phenanthrene in a sand/water mixture and the response monitored
with confocal laser scanning microscopy. The first strain was engineered to
produce GFP upon degradation of phenanthrene. The second was designed
to die on exposure to phenanthrene, hence being amenable to quantification
of toxic response. The manner in which the latter is implemented will require
further results, but the approach shows great promise.
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CHEMOAVAILABILITY vs. BIOAVAILABILITY REVISITED

Chemoavailability of PAHs is based on chemical partitioning or sequestration
from an aqueous into a /lipophilic environment, mimicking partitioning in
the environment between aqueous and solid phases of various characters.
The process is inherently governed by thermodynamic equilibrium,
however, since equilibrium is an asymptotic condition, non-equilibrium
conditions may often presage the final equilibrium state.

Bioavailability, in its simplest form, may also represent chemical
partitioning to a living organism. For this reason, a number of studies have
noted a correlation between bioaccumulation (for which bioavailability is
the prerequisite), i.e. as determined with biota, and chemoavailability. For
instance, a study utilizing a naphthalene bioreporter found a correlation
between bioreporter response, chemoavailability (as measured by extraction
using the lipophilic material Tenax), and partitioning coefficients that serve
as an indicator of the strength of attraction of various geomaterials for
naphthalene (Kohlmeier et al. 2008).

Numerous studies (bioreporters inclusive) have demonstrated that
bioavailability is not always the product of chemical partitioning, and the
work of Tecon et al. (2006) is an illustrative case involving a bioreporter
wherein response was not related to phenanthrene concentration but rather
to cumulative flux. For chemoavailability, the proxy will approach, or arrive
atequilibrium (e.g. Kohlmeier et al. 2007; Short et al. 2008) and the amount of
analyte collected will be determined by same. The reporter that Tecon et al.
used is capable of utilizing phenanthrene as a carbon source, as many PAH
reporters are, and hence no saturation behavior based on thermodynamics
will be achieved, nor is such in danger of being approximated. Different
factors will govern the overall system behavior, and these are a concatenation
of multiple effects that are, in sum, much more complex than those based on
partitioning. This difference in fundamental performance could also explain
why Tecon et al. (2010) found that bioreporter response to simulated oil
spills was not in agreement with results from chemical analysis.

Chemoavailability is fundamentally a more proscribed measurement
than that of bioavailability, i.e. it represents a simplest-case limit for the
latter. This can be an advantage or disadvantage for either, depending on the
needs of analysis. Au fond, it is highly useful to have diverse instruments
for measurement in order to obtain a complete understanding of the
environmental health consequences of PAHs. It is important however to
recognize the distinction between what is meant by these two terms in
order to exploit the potential differences. Chemoavailability is, relatively
speaking, better understood, more convenient, and more advanced in terms
of its developmental maturity. Bioavailability is less understood and does
not have an accepted definition within the field of environmental science,
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but clearly involves methods of measurement that involve biota, from
the etymological source of the term, and then as a result of more complex
sets of biological processes is capable of reflecting more than chemical
partitioning.

LOOKING FORWARD

The state of development of bioreporter technology is immature relative to
chemical analysis for total load, ecotoxicological analysis, biomonitoring of
bioaccumulation, and analysis of chemoavailability. There are three major
issues with regard to bioreporters for environmental health and PAHs. First,
there is an urgent need for bioreporters that report PAHs of higher molecular
weight than phenanthrene. Secondly, enhanced uptake of this technology
requires development of bioreporter-optimized assays and methods. There
are a wide variety of inventive and efficient methods for chemoavailability
measurements (only SMDs and Tenax mentioned here), and accordingly the
methods available for making different types of bioreporter measurements
require diversification. Thirdly, bioreporter studies must increasingly focus
on the fundamental differences that bioreporters have to offer in measuring
bioavailability.

The work reviewed herein illustrates how researchers in the area
are making efforts to bring bioreporters into a context of relevance to
environmental health by developing applications that utilize complex
matrix samples. Such work can serve to facilitate uptake of the technology,
and there is considerable future scope and need in this domain. Of
particular note, since primary exposure pathways to PAHs are via airborne
particles and food, it is of interest to develop methods that demonstrate
the applicability of bioreporters in measuring the bioavailability of PAHs
from these matrices.

APPLICATIONS TO AREAS OF HEALTH AND DISEASE

Most of what is known about the in vivo effects of PAHs on human health
and disease results from studies on non-human animals. Such studies
indicate that PAH exposure results in adverse effects including respiratory
and dermal effects (cancer and noncancer), promotion of arterial plaque
formation, gastrointestinal toxicity, effects on rapidly proliferating tissues
(attack on bone marrow and blood forming elements), increased liver
weight, dose-related increase in liver enzymes, nephropathy, immunological
and lymphoreticular effects, reproductive impairment, developmental
impairment, mutagenic and tumorogenic activity, and death (ATSDR 1995).
Results from these studies, taken with results from studies on humans with
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known occupational or other collateral exposure and on in vitro effects, then
lead to weight of evidence assessments. The genotoxicity/ carcinogenicity of
PAHs is of primary concern and is addressed by the Bay Region Hypothesis,
a hypothesis that is reasonably consistent with experimental findings and
which predicts that PAH structures with bay regions (vide infra) that are
strongly reactive are more genotoxic and carcinogenic (ATSDR 1995). In this
hypothesis, the mutagenic and tumorigenic activity of PAHs arises from the
formation of bay region diol epoxides, which then form DNA adducts that
ultimately lead to DNA damage/cancer. Because some PAHs have been
studied much more than others, the United States Environmental Protection
Agency (US EPA 1993) has developed a system of model equivalency (cancer
potency factors), though the approach is presently being refined.

KEY FACTS OF PAH ENVIRONMENTAL HEALTH

¢ Carcinoginicity of some PAHs is a key concern.

®  One route of exposure to PAHs is air; urban airborne particles and
tobacco smoke can have very high PAH concentrations, posing a
cancer risk.

* Asecond exposure route is ingestion via food, for which the European
Union has amended regulated permissible levels due to cancer risk
(EU 2005).

* Cooked meat and processed meats and fish have been shown
to contain carcinogenic PAHs well above EU regulated limits.
Independently, studies by the World Cancer Research Fund (WCRF
2007, 2009) show a significant cancer risk for meat eating leading to
recommended elimination of dietary processed meats and limiting
other meat intake.

* Most forms of black carbon, including coal, are high in PAHs, but
many of these materials contain biounavailable PAHs, and are
therefore not of environmental concern, e.g. Kohlmeier et al. 2008;
Deepthike et al. 2009, and references therein.

* Crude oil and many petroleum products contain large amounts
of PAHs that are bioavailable. That coal PAHs are biounavailable
and crude oil PAHs are highly available has generated controversy
regarding provenance (Deepthike et al. 2010; Page et al. 2010), and
with economic interests entailed in energy, this will foreseeably
continue (CSPI 2008). Therefore, understanding bioavailability is
inherent to understanding provenance, risk, and damage of /from
PAHs.

* Some chemical tests proxy biota in the measurement and assessment
of PAH bioavailability, but these are more accurately described as
measuring chemoavailability, as discussed herein.
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DEFINITIONS OF KEY TERMS

*  Bioavailable: though often used, even by regulatory agencies, as
pertains to environmental studies, there is not a single widely
accepted definition of this term; Semple et al. (2004) give a definition
in keeping with the etymological origin of the word as the amount
of a chemical that is at hand or readily available to biota. Since this
definition implies an instantaneous quantity, which often is not
practically relevant, the term is used here to indicate bioavailability
as measured over a finite amount of the measurement or observation
time.

® Bioaccessible: as per the definition of Semple et al., the amount
of a chemical that is not bioavailable, but can potentially become
bioavailable.

® Bioaccumulation: the biological sequestering of a substance or
chemical at a higher concentration than that at which it occurs in
the surrounding environment or medium.

*  Carcinogenic: a chemical or substance with the ability or tendency to
produce cancer.

*  Chemoavailable: the chemical analogue of bioavailable, only measured
with a chemical proxy to simulate biota.

* Genotoxic: a chemical or substance that is damaging to DNA, and
thereby capable of causing mutations or cancer.

*  Mutagenic: a chemical or substance which has the property of being
able to induce genetic mutation.

¢ Teratogenic: a chemical or substance that causes birth defects.

*  Tumorogenic: a chemical or substance causing formation or production
of tumors.

SUMMARY POINTS

* Most major sources of environmental PAHs are released from
anthropogenic activity. Black carbon/coals can be high in PAHs
but these are, generally, biounavailable, whereas crude oil and
petroleum products contain large amounts of bioavailable PAH.
Primary exposure routes include airborne particles, tobacco smoke
and ingestion via cooked and processed meat and fish. Bay and fjord
PAHs are thought to be most strongly implicated in carcinogenesis.
Information available suggests that integrated environmental health
effects of PAHs can be severe and future increases in population
ensure that PAH exposure will be of growing concern.

* PAH measurement by chemical analysis measures total load. In
many instances, however, the bioaccessible fraction of the total
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load may be small. Risk assessment based on loads then may be
overly conservative, and bioavailability is the relevant metric. Many
approaches to bioavailability employ a chemical proxy or biomimetic
extraction based on partitioning to estimate bioavailability, hence
these correctly speaking measure chemoavailability (availability of
a substance to chemical proxy) and not bioavailability. Bioreporters
are organisms that, on exposure to an analyte, respond by
producing a measurable signal, and as living organisms, measure
bioavailability.

* (lass I bioreporter technology is still not in wide use compared to
methods that determine chemical load or chemoavailability. Early
papers described naphthalene bioreporters; while naphthalene is not
technically a PAH, it is often used as a model for same. Bioreporters
detecting fluorene and phenanthrene have since been reported. Two
articles have used PAH bioreporters to assess bioavailability of PAHs
from oil spills, one assessing Exxon Valdez Oil Spill provenance.
Other bioreporter papers seek to exploit analysis of differing
subpopulation responses, simultaneous study of live and dead cells
(with potential to monitor bioavailability and toxicity at once), and
visualization.

* In circumstances wherein bioavailability is dictated only by
chemical partitioning, chemoavailability will approximate
bioavailability. Hence, some studies have noted a correlation between
bioaccumulation (bioavailability prerequisite) and chemoavailability.
The PAH bioreporters detailed herein have active metabolic
processes that govern a regulated response to PAHs. Thus, their
mechanism of detection is not based solely on partitioning. This is
why bioreporter response does not always correlate to chemical load
or chemoavailability analysis.

* Bioreporter technology is immature relative to chemical analysis
for total load, ecotoxicological analysis, biomonitoring of
bioaccumulation, and analysis of chemoavailability. Three areas
for future development with respect to environmental health
applications and PAHs are noted. These are 1) development of
bioreporters that report PAHs of higher molecular weight than
phenanthrene, 2) development of bioreporter optimized assays, and
3) development of methods that exploit bioreporter measurement
of bioavailability. Additionally, applications that address primary
PAH exposure routes for humans (airborne particles and food) are
of interest.
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ABBREVIATIONS

Ah : Aryl hydrocarbon

ATSDR : Agency for Toxic Substances and Disease
Registry

BaP : Benzo[a]pyrene

BBIC : Bioluminescent bioreporter integrated circuit

BTEX : Benzene toluene ethylbenzene xylene

CMOS : Complementary metal-oxide semiconductor

CSPI : Center for Science in the Public Interest

DNA : Deoxyribonucleic acid

EDC : Endocrine disrupting chemical

EFSA : European Food Safety Authority

EU : European Union

EVCO : Exxon Valdez Crude Oil

GFP : Green fluorescent protein

IPCS : International Programme on Chemical Safety

IUPAC : International Union of Pure and Applied
Chemists

PAH : Polycyclic aromatic hydrocarbon

RPF : Relative potency factor

SCF : Scientific Committee on Food

SMD : Semi-permeable membrane device

US EPA : United States Environmental Protection Agency

WCRF : World Cancer Research Fund
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ABSTRACT

Small signaling molecules are utilized by several unicellular organisms
to assess the cell density of other organisms of the same species in
their vicinity. Together, the biochemical pathways involved in the
production, secretion and recognition of these diffusible signals are
known as quorum sensing (QS). Upon establishing that their local
concentration has reached a threshold, the unicellular organisms
collectively undertake a change in their transcriptional profiles,
initiating complex activities which benefit the group as a whole but
would have had limited relevance at a lower population count. In
bacteria, QS regulates diverse functions such as formation of biofilms,
onset of virulence, competence and bioluminescence. Researchers have
developed whole-cell microbial biosensors that detect the presence of QS
signals in clinical and environmental isolates. These biosensors enhance
our understanding of microbial ecosystems present in diverse locations
including the mammalian gut and lake sediments. Components of
bacterial QS machinery have found widespread application in the
emerging field of synthetic biology for the engineering of complex
genetic circuits with novel functionalities—for example, production
of biochemicals, spatio-temporal control of gene expression and
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creation of synthetic ecosystems. Engineered QS-based devices have
been used to create microbial biosensors that localize to cancer cells
or serve as improved live attenuated vaccines. In this chapter, we will
discuss bacterial QS, and its usage in synthetic biology, followed by
an overview of the applications of QS-based microbial biosensors in
health and environment.

INTRODUCTION

It is now known that co-ordination of action is not restricted to cells
constituting multi-cellular organisms. Several unicellular organisms use
sophisticated signaling mechanisms to estimate the concentration of other
cells belonging to their own species in their surroundings. The assessment
of local population density occurs through secretion and detection of
small signaling molecules, which are often specific for that species. Once
the population is estimated to have reached a threshold, the unicellular
organisms collectively initiate a change in their gene-expression profiles,
resulting in co-ordinated forays into activities that would not have been
profitable if commenced at a lower cell count. Assessing local cell density
and employing it to change their actions allows unicellular organisms to
function as multi-cellular systems. These cell-to-cell communication systems
are collectively known as quorum sensing (QS). QS in various species
regulates diverse activities including formation of biofilms, initiation of
virulence, competence, mating, sporulation, formation of root nodules,
synthesis of secondary metabolites and bioluminescence (Bassler and Losick
2006). Although QS has also been reported in unicellular eukaryotes, in this
chapter we will focus on bacterial QS and their applications in biotechnology
(Kruppa 2009).

Bacteria employ diverse small molecules as QS signals, including
acyl homoserine lactones (AHLs, also called autoinducers due to positive
feedback on their own expression) and translationally derived small
oligopeptides known as auto-inducing peptides (AIPs). While many of the
QS signals are species-specific, a few can be recognized by several bacterial
species, and are hypothesized to facilitate inter-species communication
(Bassler and Losick 2006). Additionally, several bacteria (including
Pseudomonas aeruginosa) use more than one QS system to regulate their
transcription profiles (Williams and Camara 2009). Quorum quenching—the
disruption of heterologous QS—is practiced by several bacteria, and likely
assists in reducing competition for nutrients in their ecological niche.
Several eukaryotes have also developed strategies to counter bacterial QS
(Joint et al. 2007). While QS is associated with large bacterial populations,
confinement of a few bacterial cells in a small volume can also initiate this
phenomenon (Carnes et al. 2010).

© 2012 by Taylor & Francis Group, LLC



Quorum Sensing in Microbial Biosensors 193

Components of bacterial QS systems have been widely used in
engineering biological parts and devices, and have played an important
role in the emerging field of synthetic biology (see Key facts of synthetic
biology). QS-based parts can perform complex functions such as spatio-
temporal control of gene expression, population control, maintenance of
synthetic ecosystems, biocontrol, and prevention of biofouling (Purnick
and Weiss 2009; Xiong and Liu 2010). Here, we present an overview of
bacterial QS systems, and their applications in synthetic biology, followed
by a discussion of the role of QS-based biosensors in identifying microbial
signaling compounds in clinical and environmental isolates. We also
present a review of recent progress in the development of novel whole-cell
biosensors which incorporate QS-based artificial genetic circuits.

Bacterial Quorum Sensing systems

Secreted QS signals are recognized by an intracellular transcription factor,
either through direct interaction, or via a transmembrane sensor histidine
kinase. The portion of the QS machinery involved in production of the
diffusible signal can be referred to as the “sender” module, and the signal
recognition components as the “receiver” module. In several Gram negative
bacteria, the sender module consists of an autoinducer synthase of the
LuxI family (Fig. 11.1). These produce acyl homoserine lactone (AHL)
signals which have a core homoserine lactone attached to a variable acyl
side chain (Bassler and Losick 2006). AHLs produced by different LuxI
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Figure 11.1. Acyl homoserine lactone (AHL)-mediated Quorum Sensing in Gram negative
bacteria. Autoinducer synthases of the LuxI family produce AHL signals which diffuse freely
through the Gram negative cell membranes. When the quorum is reached, the AHL signal
molecule binds and activates transcription factors belonging to the LuxR family. The activated
AHL/LuxR complex binds cognate promoters and regulates transcription of downstream
genes.
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homologs have side-chains with different lengths (four or more carbons),
varying degrees of saturation and diverse R groups (Thiel et al. 2009). The
unique acyl side-chain of each AHL signal is believed to impart signal
specificity and exclusivity to its QS system. AHLs can freely diffuse in and
out of Gram negative cells. In this case, the receiver module consists of
intracellular receptors that are homologs of the Vibrio fischeri LuxR protein.
At high concentrations, AHLs bind their cognate LuxR proteins, causing
their activation and subsequent translocation to cognate promoters. This
results in the transcriptional regulation of downstream genes.

As an example, the Lux R/I QS system of the marine Gram negative
bacterium Vibrio fischeri is presented in Fig. 11.1. V. fischeri is a symbiont
of marine animals like the Hawaiian bobtail squid Euprymna scolopes, and
is responsible for producing bioluminescence which protects its host from
detection by predators on moonlit nights. At high bacterial titers, the LuxI
product N-(3-oxohexanoyl)-homoserine lactone (3-oxo-C6-HSL) activates
LuxR, resulting in transcription of the luxCDABE operon, which contains
genes involved in producing bioluminescence. The LuxR/AHL complex
also creates a positive feedback loop by activating transcription of luxI
and /uxR genes. Homologs of the LuxR/I system have been discovered in
several Gram negative bacteria. For example, in the opportunistic human
pathogen Pseudomonas aeruginosa, two homologs of the LuxR/I system
(named LasR/I and RhIR/I), control the expression of up to 10% of all
genes, including those involved in production of the virulence factors
pyocyanin, elastase, rhamnolipids, lectins and hydrogen cyanide (Williams
and Camara 2009).

Instead of LuxR/I and AHLs, Gram positive bacteria utilize two-
component histidine kinase response regulators systems which recognize
extracellular short oligopeptides (auto-inducing peptides, AIPs). The
sender module in Gram positive QS systems consists of genes encoding
the AIP precursor and a dedicated transport machinery which facilitates
its maturation and secretion. During this process, post-translational
modifications such as formation of a cyclic thiolactone (AgrD, Staphylococcus
aureus) or geranylation of certain amino acid residues (ComX, Bacillus
subtilis) may be added to the AIP (Bassler and Losick 2006). Once the
quorum threshold is achieved, the interaction of extracellular AIPs with
a transmembrane histidine kinase (HK) triggers a phosphorelay which
activates the downstream, cognate response regulator (RR). The activated
RR then binds to responsive promoters and regulates transcription of QS-
controlled genes. In contrast to the fairly promiscuous AHL-based systems,
the AIP-based systems are extremely species- and even strain-specific.

The widely-studied accessory gene requlator (agr) QS system from the
opportunistic pathogen Staphylococcus aureus is presented as a Gram positive
QS example in Fig. 11.2. agrD encodes the AIP precursor, which is processed
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Figure 11.2. Auto-inducing peptide (AIP)-mediated Quorum Sensing in Gram positive
bacteria. AIPs are translated as propeptides, with N-terminal signal sequences (shown as
a dark gray line). A C-terminal tail may also be present (represented by a light gray line).
During maturation, the oligopeptide may undergo post-translational modifications such as
self-cyclization. This process is carried out by a dedicated transmembrane endopeptidase (light
gray oval). The N-terminal leader is removed by a Type I signal peptidase (dark gray oval).
At high AIP concentrations, the transmembrane histidine kinase receptor is activated, and
it, in turn, initiates a phosphorelay resulting in activation of the cognate response regulator
(RR). The activated RR directs transcription of QS-regulated genes.

by the transmembrane endopeptidase AgrB (Novick and Geisinger, 2008).
During maturation, the C-terminal tail of the propeptide is removed, and
a cyclic thiolactone is formed by a cysteine residue and the C-terminal
end of the cleaved precursor. Secretion of the modified AIP involves
cleavage of the N-terminal signal sequence by a Type I signal peptidase
(Thoendel and Horswill 2010). The receiver module comprises the histidine
kinase AgrC and a cognate response regulator named AgrA. At high AIP
concentration, AgrC is activated and in turn activates AgrA. AgrA then
induces transcription of downstream genes, including the agr operon and an
adjacent regulatory RNA, known as RNAIIL In S. aureus, RNAIII modulates
the expression of a large number of genes involved in pathogenesis. The
production of RNAIII unleashes a transcriptional cascade which results in
the production of virulence factors and biofilm formation, causing infection
of the host organism. Figure 11.3 contains examples of AHLs and AIPs from
Gram negative and Gram positive bacteria, respectively.

Quorum Quenching by Bacteria and Eukaryotes

Since QS triggers the production of virulence factors in several pathogenic
bacteria, strategies for interfering with this cell-to-cell communication

© 2012 by Taylor & Francis Group, LLC


http://www.crcnetbase.com/action/showImage?doi=10.1201/b12775-12&iName=master.img-001.jpg&w=302&h=168

196  Biosensors and Environmental Health

A e i B R

o
1
C & D s—C
5 .Jb
/\)L)LNW H:N
E
A E MIRILISIKIFIFIRIDIFIITLIQIR]K] K Retolalt

Figure 11.3. Bacterial QS signals. Many Gram negative bacteria use acyl homoserine lactones
(AHLs) as Quorum Sensing signals. These share a core homoserine lactone ring. Signal
specificity arises from the length of the acyl side-chain, and the presence of unsaturation or
different substituent R-groups. (A) N-(butanoyl)-homoserine lactone (Pseudomonas aeruginosa).
(B) N-(3-oxo-dodecanoyl)-homoserine lactone (Pseudomonas aeruginosa). (C) N-(3-oxo-
hexanoyl)-homoserine lactone (Vibrio fischeri). Several Gram positive bacteria utilize auto-
inducing peptides (AIPs) as QS signals. These may be unmodified, or carry post-translational
modifications, for example, self-cyclization. (D) AIP-I (Staphylococcus aureus). (E) Competence
Stimulating Peptide-1 (CSP-1) (Streptococcus pneumoniae).

would be useful in developing novel therapeutics for preventing and
treating bacterial diseases. As QS affects pathogenicity but not survival,
compounds that target QS would not elicit selection pressure, and are
therefore expected to by-pass the development of drug-resistance.

Several bacteria secrete enzymes that degrade the AHL QS signals of
heterologous bacteria. This phenomenon, known as quorum quenching,
is believed to reduce colonization of the surrounding location by other
species, and therefore reduce competition for common resources. Diverse
quorum quenching enzymes that target various parts of the AHL signal
have been reported. These include lactonases that degrade the core
lactone ring, acylases/amidases that hydrolyze the amide bond between
the lactone and the acyl side-chain, and oxidoreductases that modify the
acyl side-chain (Chowdhary et al. 2007; Czajkowski and Jafra 2009). So
far, bacterial enzymes that specifically target Gram positive AIPs have not
been discovered.

Many plants, fungi, and animals have also developed strategies to
“jam” bacterial QS communication. The seaweed Delisea pulchra secretes
halogenated furanones that obstruct AHL-mediated QS and biofilm
formation (Natrah et al. 2011). Synthetic brominated furanones have
been demonstrated to disrupt biofilm formation in Salmonella, and are of
considerable interest in developing anti-QS applications (Janssens et al.
2008). QS inhibitors penicillic acid and patulin are produced by fungi of the
Penicillium genus (Rasmussen et al. 2005). Interestingly, the fungal secondary
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metabolite ambuic acid has been demonstrated to interfere with cyclic AIP
production by Gram positive bacteria including S. aureus, Enterococcus faecalis
and Listeria innocua (Nakayama et al. 2009). Mammalian paraoxonases
degrade AHL signals, likely via hydrolysis of the central lactone ring, and
are hypothesized to play an important role in host defense against invading
Gram negative pathogens (Pacheco and Sperandio 2009).

APPLICATIONS OF QUORUM SENSING IN SYNTHETIC
BIOLOGY

Synthetic biology is a new area of scientific study which melds biology
with engineering (see Key facts of synthetic biology). The emphasis is on
creating new biological systems with novel functionalities that did not exist
naturally. In this approach, basic biological activities are considered from an
engineering point-of-view, i.e. there is an effort to standardize biochemical
functions, so that they may be combined to construct complex genetic
circuits that perform predicted functions. Components of Gram negative
QS systems have been widely used in engineering synthetic biological
circuits (Choudhary and Schmidt-Dannert 2010). Their properties of signal
recognition and signal amplification, along with the ability to regulate
transcription of downstream genes, has been utilized to create genetic
circuits that control diverse phenomena, for example, spatio-temporal
control of gene expression, population control, bistable behavior, and pulse
response (Purnick and Weiss 2009). In this section, we will describe a few
synthetic biological circuits that incorporate QS. This will formulate our
later discussion of how QS can be used to create microbial biosensors that
perform complex functions.

Different input, processor and output modules can be combined in
a “plug-and-play” strategy to engineer new functionalities. For instance,
combining an AHL recognition module, a bistable switch module, and a
fluorescent output module produces a biosensor which can detect AHL
signals in its vicinity. Additionally, they can retain the memory of their
interaction with AHLs, and therefore display a sustained response even
after AHLs are cleared from their immediate surroundings (Kobayashi et al.
2004). These engineered devices can be of great use in designing biosensors
for environment and health.

Components of the V. fischeri LuxR/I system have been utilized to
engineer cell-to-cell communication that can be regulated with respect to
both space and time (Fig. 11.4) (Basu et al. 2004). Here, two different types
of synthetic circuits were devised. The “sender” circuit, which consisted
of the V. fischeri luxI gene, was inserted into E. coli to create Sender cells
which released 3-oxo-C6-HSL into their surroundings. The “receiver” circuit
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Figure 11.4: Quorum Sensing-based pulse generating genetic circuit. Artificial cell-cell
communication engineered in E. coli using components of the V. fischeri LuxR/I QS system.
E. coli cells with the Sender module produce the V. fischeri QS signal 3-oxo-C6-HSL. E. coli
Receiver cells are equipped with a pulse-generating circuit which regulates transient expression
of Green Fluorescent Protein (GFP). Upon activation, the LuxR/AHL complex directs
transcription of both CI repressor and GFP, the former through the P, , promoter, and the
latter via a hybrid promoter (P, .-O(cI)) with a CI binding site inserted at the +1 transcription
start downstream of the P, , promoter. In time, concentration of the CI repressor reaches the
threshold required to repress transcription of GFP, leading to a decrease in fluorescence. This
scheme is modified from Basu et al. (2004) (QS: Quorum Sensing).

contained an AHL-inducible pulse-generating circuit made by interfacing
the JuxR gene with lux-inducible cI repressor and GFP regulated by both
LuxR/AHL and CI. The genetic circuit was constructed so that an early
GFP response to AHL was tamped down by a gradual increase in CI levels,
thereby presenting a temporally-regulated output. The response was also
controlled by the distance between the Sender and Receiver cells—while
nearby Sender cells elicited a transient response from the Receivers, those
that were further away failed to generate a strong output altogether. By
incorporating spatio-temporal control into genetic circuits, one can design
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microbial biosensors that can identify the origin of the signal, which should
be very helpful in locating, for example, the site of pathogen infection in
vivo or in contaminated waste water.

Genetic circuits have also been designed using antibiotics, hormones,
metabolites or volatile compounds to generate cell-density dependent
responses (Bulter et al. 2004; Chen and Weiss 2005; Weber et al. 2007).
These QS-like systems are very promising for designing biosensors that
can sense a wide variety of inputs. QS has also been employed to create
artificial communication between cells of different species—bacteria, fungi,
mammalian cells and plants (Brenner et al. 2008; Weber et al. 2007). It is
possible to engineer co-operative relationships between the participating
species (Fig. 11.5). Mixed consortia can also be used to devise biosensors
that sense environmental inputs and produce complex responses, which
may not be possible by using a single biosensor species.

Broadly speaking, QS-based whole-cell microbial biosensors can be
divided into two categories: those that recognize QS signals in clinical
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Figure 11.5. Quorum Sensing-based circuit for interspecies communication. Components
of two QS systems from P. aeruginosa (Rhl and Las, represented here as 1 and 2, respectively)
used to engineer bi-directional communication in E. coli. The response regulator R1 and
autoinducer synthase I1 (responsible for production of the QS signal AHL1) constitute QS
system 1. QS system 2 consists of the response regulator R2 and the autoinducer synthase 12
(producer of the QS signal AHL?2). The transcription of target genes T1 and T2 is triggered at
when the cell density of both communicating cell types reaches the threshold. The expression
of 12 and T1 is directed by the R1/AHL1 complex. Similarly, the R2/AHL2 complex initiates
transcription of I1 and T2. P_ = Constitutive promoter, P, = Promoter induced by QS system
1, P, = Promoter induced by QS system 2. This scheme is modified from Brenner et al. (2008)
(QS: Quorum Sensing).
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and environmental isolates, and those that incorporate QS machinery into
synthetic biological circuits. In the following sections, we describe the
applications of both varieties of QS-based biosensors in human health and
environmental studies.

QUORUM SENSING-BASED MICROBIAL BIOSENSORS:
APPLICATIONS TO AREAS OF HEALTH AND DISEASE

Here, we will discuss recent progress in utilizing bacterial QS for creating
whole-cell microbial sensors for health (Fig. 11.6). These biosensors
incorporate components of the QS machinery in sophisticated genetic
circuits that perform diverse functions including recognition of pathogens,
invasion of cancer cells, or serve as better versions of live attenuated
vaccines.

Whole-cell Microbial

Biosensors

Figure 11.6. Quorum Sensing-based whole-cell microbial biosensors in health. Whole-cell
microbial biosensors that incorporate QS systems have diverse applications in health, including
pathogen diagnostics and therapeutics, vaccines, and detection of cancerous cells.

Pathogen Recognition and Therapeutics

Several whole-cell biosensors have been devised to recognize AHL signals
produced by Gram negative bacteria (Kumari et al. 2008; Steindler and
Venturi 2007). These biosensors are often outfitted with simple circuits
that interface a LuxR homolog with a responsive promoter that drives the
expression of a reporter gene. Researchers have also developed whole-
cell biosensors that recognize the presence of P. aeruginosa 3-oxo-C12-
HSL in clinical samples from cystic fibrosis patients (Massai et al. 2011).
This provides a cost-effective and rapid diagnostic method for detecting
infection by this common nosocomial pathogen. Liquid-drying of whole-
cell AHL-recognizing bacteria on filter-paper has been used to create
biosensors that can recognize the presence of C12-HSL in different clinical
and environmental samples (Struss et al. 2010). Paper-strip biosensors are
inexpensive, easy to store and use, and can be created to recognize a wide
variety of AHL signals.

More complex circuits can be designed to recognize and respond
to pathogens present in, for example, gut microbiota. QS-like circuits
(mentioned previously) can be engineered to recognize secreted toxins or
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surface antigens presented by pathogenic bacteria. These input modules can
feed into output modules that provide a readable output, and/or mount
a concerted response against the pathogen. Probiotic biosensors can be
engineered by inserting these genetic circuits into GRAS organisms—for
example—Ilactic acid bacteria. Alternatively, directed evolution can be used
to modify existing LuxR homologs to recognize the toxins produced by
gut pathogens. It would be interesting to create “AND Gate” biosensors
(activated by the presence of more than one input signal, i.e. more than
one toxin), since they would be more robust, and less likely to give false
positive readouts.

Towards Improved Live Attenuated Vaccines

Live genetically attenuated pathogenic bacteria are of considerable
interest in providing immunity against several diseases including cholera,
salmonellosis, shigellosis, listeriosis and tuberculosis (Silva et al. 2010).
However, their widespread application is hindered by fears of insufficient
attenuation, and the possibility that once released into the environment (by
shedding of live bacteria by the inoculated host), they may regain virulence
factors and become a major health hazard. A recent study provides an
elegant solution to these issues (Silva et al. 2010). Researchers have created
a synthetic biological device which interfaces the Vibrio cholerae QS input
with a cell lysis gene. At high cell densities, the QS module is activated and
results in death of the bacterial cells. In this way, excessive accumulation of
attenuated cells within the host is avoided. This approach also addresses
problems associated with possible shedding of live attenuated cells into
the environment. It should be feasible to extend this strategy to create live
attenuated vaccines against other bacterial pathogens as well.

Detection and Treatment of Cancer

3-0x0-C12-HSL, a major QS signal of the opportunistic pathogen P.
aeruginosa, has been shown to reduce proliferation and promote apoptosis
in human breast cancer cell lines (Li et al. 2004). Its mode of action is at
present unclear. Since this QS signal may promote P. aeruginosa virulence in
immune-compromised individuals, it is not feasible to administer it directly
as an anti-cancer agent. However, this compound is under consideration as
a spring-board for rational design of anti-cancer drugs that do not activate
P. aeruginosa virulence (Oliver et al. 2009).

It has been shown that intravenously delivered E. coli, Bifidobacterium
longum, and attenuated live strains of V. cholerae, Listeria monocytogenes and
Salmonella typhimurium can selectively localize to murine solid tumors and
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metastases (Yazawa et al. 2000; Yu et al. 2004). These bacteria were able to
proliferate within tumors in various locations, including mouse breast,
bladder, and brain. It is hypothesized that poor immune surveillance inside
the tumors contributes to the enhanced survival of bacteria within these
environments. The ability of these bacteria to localize to and survive within
tumors has been exploited to engineer whole-cell microbial biosensors that
target cancer cells (Anderson et al. 2006). A genetic device which associated
a V. fischeri LuxR/I QS system with the Yersinia pestis invasin gene was
engineered into E. coli. The invasin gene product allowed attachment
and entry of E. coli biosensors into human cancer cell lines. Including QS
components into the synthetic circuit ensured that invasion of mammalian
cells occurred only at high cell densities, which should ideally coincide
with the presence of the tumor in vivo. The specificity of these devices can
be enhanced by using AND gate input modules that require the presence
of more than one cancer cell-surface antigen for activation. These bacteria
can also be modified further to express anti-cancer drugs that target the
tumor in situ. While further studies are required to assess the efficacy of
anti-cancer bacterial biosensors in vivo, they certainly represent an exciting
new approach in the fight against cancer.

APPLICATIONS OF QUORUM SENSING: MICROBIAL
BIOSENSORS FOR THE ENVIRONMENT

QS-based microbial biosensors have multiple uses in detecting microbes
present in the soil or other environment like contaminated waste water.
Biosensors that recognize specific AHLs can also be applied to gain an
understanding of the diverse microbial species present in an environmental
niche. In this section, we present a few recent examples of QS-based
environmental biosensors.

Savka and colleagues have reported E. coli biosensors that can
recognize long-chain AHLs produced by Gram negative bacteria
including Agrobacterium vitis (Savka et al.