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ABSTRACT: In the last two decades, the increase in the use of artificia fertilizers and the disposal of industria wastes
have been the main factors responsible for the progressive increase in nitrate and nitrite levels in groundwater and soil. A
variety of analytical strategies have been developed for nitrate and nitrite detection but electrochemical biosensors, which
are simple, cheap, easily miniaturized and suitability for real-time detection, are proved to be a powerful tool. Various
types of biosensors based on the use of whole cells or on the immobilization of denitrification enzymes have been
developed, but their use is limited in environmental analysis under extreme conditions such as brines, acidic or basic
wastewaters, salted soils, etc. Extremophilic denitrifying microorganism are good candidates for the development of new
nitrate and nitrite biosensors and, in particular, haloarchaeal based biosensors would have advantages over bacterial based
biosensors since the microorganisms and the purified denitrifying enzymes tolerate a wide range of temperature and
salinity. This work summarizes new highlights on the potential uses of denitrifying haloarchaeal enzymes to make
enzyme-based biosensors.
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INTRODUCTION
The term “biosensor” refers to a device that incorporates a biological sensing element connected to a transducer. The aim
of these devices is to convert an observed response into a measurable signal, whose magnitude should be proportiona to
the concentration of a specific chemical or set of chemicals to be quantified (Eggins, 1996; Eggins, 2002; Zhao & Jiang,
2010). Biosensors can be classified into different categories following different criteria (Rodriguez-Mozaz et a., 2006;
Slonczewski et al., 2010):
e On the basis of the bio-recognition principle, biosensors are classified into antibodies and antigens, enzymatic,
non-enzymatic, whole-cell and nucleic acids biosensors (Karube & Suzuki, 1986; Marazuela & Moreno-Bondi,
2002; Rodriguez-Mozaz et al., 2006).
e According to the transduction process, biosensors can be divided into electrochemical, optical, piezoelectric, and
thermal/cal orimetric categories.

Among these various kinds of biosensors, e ectrochemical enzyme-based biosensors are one of the most widespread and
successfully commercialized devices of biomolecular € ectronics (Dzyadevychaet ., 2008).
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In that case, enzymes can be immobilized by following different methods: adsorption, entrapment, covalent binding and
cross-linking (Zhao & Jiang, 2010). Enzyme-based electrochemical biosensors have been used widely in our society to
improve health care, food safety and environmental monitoring. Health care and medical diagnosis are probably the main
areas for biosensor applications (Wilkins, 1989), although other relevant industrial applications for biosensors include
monitoring in food processing, food quality control or environmental quality (contamination monitoring), as mentioned
before. The history of biosensorsis quite new, but highly innovative. The first scientific manuscript focused on biosensors
was published in the early sixties, last century. From that date up to now, more than 40.000 research papers have
summarized optimization, innovation and new potential uses of biosensors (http://www.ncbi.nlm.nih.gov/pubmed;
“biosensor” as key word to carry out the search). This amazing scientific production (in just half century) clearly reveals
how important biosensors are to contribute to well-being.

In this work, new highlights on denitrification enzyme based biosensors are summarized paying special attention to
denitrification enzymes isolated from hal ophilic archaea (microorganism requiring high salt concentration to be alive).

ENVIRONMENTAL CONTAMINATION BY NITRATESAND NITRITES

Anthropogenic activities are dramatically affecting the nitrogen cycle, one of the most important biogeochemical cyclesin
nature (Martinez-Espinosa et al., 2011). During the last decades, legislative actions as well as environmental policies are
focused on environmental pollution control (Rodriguez-Mozaz et al., 2006). Special attention has received soil and water
quality control in terms of nitrates and nitrites concentrations due to their negative effects on human health. The main
governmental agencies al around the world have promulgated rules and directives to restrict the level of these ions in
drinking water and food products (Almeida et a., 2010). Although some positive effects of nitrate of human health have
been reported (Kuennen et al., 2015; Bakker et al., 2015), nitrate and nitrite consumption by animals in general, and by
humans in particular, promote methaemoglobinaemia and cancer (Kross et al., 1992; Saiga et a., 2014; Sowjanya et al.,
2015; Drozd et d., 2015; Song et al., 2015; Inoue-Choi et al., 2015).

In order to comply with the new controls and new social regquirements, nitrates and nitrites measurements should be quick,
accurate and efficient. The quantification of nitrates and nitrites using traditional analytical methods such as
chromatography, spectrophotometry or polarography is expensive and time consuming. On the other hand, these kinds of
guantifications have susceptibility to matrix interferences and usually they require pre-treatments (Cosnier et a., 2008;
Almeidaet a., 2010).

Taking into account al the previous reasons and paying special attention to environmental quality monitoring, it becomes
necessary to develop systems which can detect alot of compounds in environmental samples as quickly and as cheaply as
possible (Rodriguez-Mozaz et a., 2006). Another aspect to be considered is that some of the environmental analysis done
in situ requires devices able to measure parameters under extreme conditions (high or low pH’s, extreme temperatures,
high ionic strength, etc.). Due to these reasons, enzyme-based biosensors become one of the most important devices,
especially those containing extreme-enzymes able to catal yze reactions under extreme environmental conditions.

BIOSENSORSBASED ON DENITRIFICATION ENZYMES

Denitrification is a metabolic pathway carried out by some microorganisms, in which nitrate is fully reduced to dinitrogen
(Martinez-Espinosa et a. 2011). This metabolic pathway is catalyzed by four enzymes: respiratory nitrate reductase (it
reduces nitrate to nitrite), respiratory nitrite reductase (it reduces nitrite to nitric oxide), nitric oxide reductase (it reduces
nitric oxide to nitrous oxide) and nitrous oxide reductase (which reduces nitrous oxide to dinitrogen) (Martinez-Espinosa et
al. 2011).

Due to the importance of nitrates and nitrites as contaminants in soils and waters, two main lines of biosensors are
emerging: i) biosensors based on the use of whole cells (the biosensor detects products of cellular nitrogen metabolism), ii)
systems based on the immobilization of denitrification enzymes in a matrix. In the first case, specific nitrate and nitrite
(NOx-) biosensors for environmental analysis using bacterial cells have been described (Larsen et al., 1997; Larsen et dl.,
2000; Andersen et ., 2001; Nielsen et a., 2009).

The cells are placed in areaction chamber where the reduction NO3™ to N,O occurs and it is measured by a specific nitrous
oxide micro-electrode (the strains used in the NOx- biosensors have a truncated denitrifying pathway ending at N,O
instead of N,). For the specific nitrite determination, a sensitive NO,- biosensor has been developed using four denitrifying
organisms lacking nitrate reductase activity (Nielsen 2004). Modified cell biosensors are being constructed by fusing a
reporter gene to a promoter element that is induced by the presence of a target compound. In this sense, a whole-cell
fluorescence biosensor based on recombinant Escherichia coli allowed the determination of nitrate without the interference
of phosphate, chloride and nitrite (Taylor et al., 2004).
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In the second case, the enzymes (nitrate and nitrite reductase, mainly) isolated from denitrifying bacteria such as species of
the Paracoccus, Alcaligenes and Desulfovibrio genera, are immobilized in different materials to improve their stability and
half-life (Glazier et al., 1998; Cui et al., 2006; Cosnier et al., 2008; Almeida et al., 2010; Plumeré, 2012; Mohd Zuki et al.,
2014; Madasamy et al., 2014; Siontorou et al., 2016). In most of these biosensors, redox mediators (viologen derivatives)
have to be used to shuttle electrons from the protein redox centres to the transducing elements (ammeters or voltmeters),
although direct electron transfer between the enzymes and the electrode material are also possible.

One of the major problems that these biosensors have is that the whole cells or the isolated enzymes should work under
specific environmental conditions that promote high stability and high enzymatic activity (temperatures around 20-30°C,
neutral pH’s, low ionic strength, etc.). Consequently, those biosensors are not useful to quantify nitrate and nitrite in
environmental samples such as brines, acidic or basic wastewaters, salted soils, etc.

In that context, extremophilic denitrifiers are good candidates to make innovate biosensors. Those microorganisms are able
to perform reactions under very hostile conditions (high or low temperatures, extreme pH’s, high ionic strength, etc.). At
the time of writing this work, there is only a study focused on the use of a psychotropic bacteria based NO,— biosensor to
analyze marine sediments. This biosensor can be used at low temperature (<2.5°C) and high salinity (35%) (Revsbech and
Glud, 2009). Severa studies about nitrogen cycle in haloarchaea (extremophilic microorganisms requiring high salt
concentrations to be alive) suggest that some denitrifying haloarchaea are highly efficient removing nitrates and nitrites
from salted water (Martinez-Espinosa et d., 2006; Ngera-Fernandez et al., 2012). So, new biosensors could be devel oped
using whole haloarchaeal cells or even isolated nitrate and nitrite reductases. Respiratory nitrate and nitrite reductases from
Hfx. Mediterranei have been isolated and characterized into the detail (Lled6 et al., 2004; Esclapez et al., 2013). On the
basis of their biochemica properties, haloarchaea enzyme-based-biosensors would have advantages over bacteria
enzyme-biosensors described since today due to the following reasons: i), nitrate and nitrite reductases from this
haloarchaea tolerate high salt concentrations, allowing their use in salt water and brines (Lledd et d., 2004; Martinez-
Espinosa et d., 2007); ii), their Km values are quite low comparing to bacterial homologues, so the affinity for their
substratesis very high (Km for nitrite in the case of Hfx. Mediterranei nitrite reductase (NirK) is4.04 + 0.33 mM which is
almost 100-fold greater than for other NirK characterized) (Esclapez et al., 2013), iii) some haloarchaeal nitrate reductases
are also able to remove (per)chlorate, which is also another contaminant frequently present in those environments where
nitrate is a contaminant (Martinez-Espinosa et a ., 2015).

Despite al the mentioned advantages, it has not developed any prototype of biosensor for Hal oferax yet. So new research
lines should be addressed in that sense in the next future.

CONCLUSIONS

Currently, there are many challenges facing towards practica applications of biosensors, mainly for environmental
monitoring under slightly or even extreme conditions in terms of temperature, pH, ionic strength, etc. The construction of a
biosensor able to work under extreme conditions with a low cost is still essential when considering the commercia
devices. Other aspects such as miniaturization, portability and multifunction analysis should be integrated. Challenges also
exist to find ways to improve the performance criteria including high sensitivity, wider linear range, and low limit of
detection, fast response and repetitive ability. Research work now still keeps continuing to investigate more effective ways
to construct extreme enzyme-based el ectrochemical biosensors with more perfect performance.
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