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8.1 Introduction 

Biodegradation of organic compounds by natural attenuation or bioaug-

mentation is widely used for removal of unwanted chemicals from the 

environment. The essential component of remediation technologies is 

monitoring of the contaminant levels in the treated soil or groundwater. 

Analysis of the multiple samples collected at a locality and transported to 

a laboratory has to be conducted to secure data describing the real situa-

tion in the heterogenous environment. Besides heterogeneity of the soil 

and ground water samples, also changes in pollutant concentration within 

time complicates monitoring of the progress in remediation. Rigorous 

monitoring of contamination at a locality using conventional analytical 

methods (Fig. 8.1) is therefore very time-, labour- and resource-

demanding. One possible solution to this problem is development of on-
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line monitoring systems for continuous analysis of the contaminants. Such 

a system should be robust, selective, sensitive, easily operable and cheap, 

to allow sensing of the contaminants at many different locations for 

longer periods of time. 

Fig. 8.1 here  

The tendency to carry out field monitoring has driven the development of 

biosensors as the new analytical tools. They can be an alternative or a 

complement to conventional techniques. Their application in environ-

mental monitoring is very promising owing to their sensitivity, low costs, 

user-friendliness and adaptability for on-site field measurements. Biosen-

sors are highly useful for monitoring of long-term changes in contaminant 

concentrations or preliminary screening of contamination from landfills 

with inappropriate protective barriers, old sewers, sewage or industrial 

effluents before applying more costly techniques (Allan et al. 2006). A 

biosensor is a self-contained integrated device (Fig. 8.2) which is capable 

of providing specific quantitative or semi-quantitative analytical informa-

tion using a biorecognition element which is retained in direct spatial con-

tact with a transducer (Thévenot et al. 1999). The chemical compounds to 

be detected (target analytes) interact selectively with the biorecognition 

element. This biocatalytic or bioaffinity reaction between the analyte 

molecules and sensitive layer causes a change in the physicochemical 

properties of the layer, e.g., changes in mass or optical properties. The al-

tered properties are converted by the transducer to an electronic output 

signal, which is proportional to the analyte concentration. The signal is 

amplified, processed and displayed as a measurable signal, which is then 

evaluated using a computer system. Biosensors should be distinguished 

from bioassays, where the transducer is not an integral part of the ana-

lytical system (Leonard et al. 2003, Rodriguez-Mozaz et al., 2005, 

Thévenot et al. 1999, Ziegler and Göpel 1998). 

Biosensors have to be sensitive and selective for the analyte of interest 

(Table 8.1). They also need to be cheap, simple to use and able to meas-

ure pollutants in complex matrices with minimal sample preparation (An-
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dreescu and Sadik 2004, Eltzov and Marks 2011). Other advantages of-

fered by biosensors over conventional analytical techniques are fast re-

sponse time, continuous signal providing a real-time monitoring data, the 

possibility of miniaturization and portability, permitting their use as field 

devices working on-site. In addition to determining specific chemicals, 

some particular biosensors offer the measurement of biological effects of 

pollutants due to their biological base (Dennison and Turner 1995, Rodri-

guez-Mozaz et al. 2006, Rodriguez-Mozaz et al. 2007). Despite of their 

clear advantages, the development of a successful biosensor has encoun-

tered several problems, e.g., limited lifetime and reproducibility, which 

are affected by the sensitive nature of the biorecognition element (An-

dreescu and Sadik 2004, Karube and Nomura 2000, Wanekaya et al. 

2008). Further drawback is also the limited selectivity in differentiating 

among compounds of similar classes (Rodriguez-Mozaz et al. 2006). 

Fig. 8.2 here  

Table 8.1 here .  

8.2 Enzymatic biosensors 

One of the largest group of potentially harmful pollutants are halo-

genated hydrocarbons, mainly as a result of their extensive use in agricul-

ture and industry. These compounds belong to prevalent groundwater 

contaminants and are significant components of hazardous wastes and 

landfill leachates. Since halogenated hydrocarbons are very resistant to 

degradation and have adverse health effects, their accurate monitoring in 

the environment is necessary. 

Several biosensing systems for the detection of halogenated hydrocar-

bons have been reported. These biosensors are catalytic, utilizing micro-

organisms or purified enzymes as the biorecognition elements (Table 8.2). 

The whole-cell biosensors with microorganisms producing enzymes offer 



advantages of simple preparation, presence of all co-factors and enzymes 

involved in a multi-step reaction in a single cell. Whole cells are also more 

tolerant to a significant change in pH, temperature or ionic concentration 

than purified enzymes. The major limitations for the use of whole cells 

are long response times due to mass transfer of an analyte and a product; 

and lower specificity than enzymatic biosensors (D’Souza 2001, Orellana 

and Haigh 2008, Rogers 2006). They also need more time to return to the 

baseline level after the use (Wang and Liu 2010). The enzymatic biosen-

sors possess several advantages, e.g., high selectivity and ability to modify 

catalytic properties or substrate specificity by means of genetic engineer-

ing (Rogers 2005, Rogers 2006). However, enzyme purification is time-

consuming and expensive process, which is the main limitation of this 

type of biosensors (D’Souza 2001, Lei et al. 2006, Orellana and Haigh 

2008). Other disadvantages can be lower stability and requirement for 

soluble co-factors (Lei et al. 2006, Mehrvar et al. 2000).  

Table 8.2 here  

 

Dehalogenating enzymes with the potential for application in the biosen-

sors for halogenated pollutants are able to cleave carbon-halogen bonds 

by using distinct catalytic mechanisms. These enzymes may or may not 

use co-factors for their activity. During dehalogenation, the halogen sub-

stituent is often replaced by a hydrogen atom or a hydroxyl group. Seven 

principal mechanisms have been described for enzymatic cleavage of the 

carbon-halogen bonds: (i) reductive dehalogenation, (ii) oxidative dehalo-

genation, (iii) hydrolytic dehalogenation, (iv) thiolytic dehalogenation, (v) 

intramolecular nucleophilic substitution, (vi) dehydrodehalogenation and 

(vii) hydration (Fetzner 1998, Fetzner and Lingens 1994, Janssen et al. 

1994, Janssen et al. 2005). Halogenated aliphatic hydrocarbons can be 

converted by haloalkane dehalogenases (EC 3.8.1.5), haloacid and 

chloroacrylic acid dehalogenases (EC 3.8.1.2 and 3.8.1.-) and three lyases: 

haloalcohol dehalogenases (EC 4.5.1.-), dechlorinases (EC 4.5.1.-) and glu-

tathione-dependent dichloromethane dehalogenases (EC 4.5.1.3).  
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Several bioassays and biosensors for the detection of halogenated ali-

phatic hydrocarbons have been described in the scientific literature. They 

are based on whole microbial cells containing haloalkane dehalogenases 

(Campbell et al. 2006, Hutter et al. 1995, Peter et al. 1996, Peter et al. 

1997, Reardon et al. 2009) and haloacid dehalogenases (Bachas-Daunert 

et al. 2009, Maliszewska and Wilk 2008). The haloalkane dehalogenases 

represent an attractive biorecognition element due to cofactor-free hy-

drolytic mechanism, leading to products easily detectable electrochemi-

cally or optically. In addition, haloalkane dehalogenases exhibit a broad 

substrate specificity, enabling detection of many significant environ-

mental pollutants, e.g., γ-hexachlorocyclohexane, 1,2-dichloroethane, 

1,2-dibromoethane and 1,2,3-trichloropropane. Properties of haloalkane 

dehalogenases and methods for their immobilization are described in the 

Sect. 8.2.1 and 8.2.2. Sensing principle for the detection of dehalogena-

tion products and analytical performance of current haloalkane dehalo-

genase-based biosensors are introduced in the Sect. 8.2.3 and 8.2.4. 

8.2.1 Haloalkane dehalogenases 

Haloalkane dehalogenases are hydrolytic enzymes able to catalyze cleav-

age of a carbon-halogen bond in a wide range of halogenated aliphatic 

hydrocarbons via mechanism of nucleophilic substitution, followed by the 

nucleophilic addition of water. Products of the reaction are a correspond-

ing alcohol, a halide and a proton (Janssen 2004). Except of biosensing of 

halogenated hydrocarbons (Bidmanova et al. 2010a, Bidmanova et al. 

2010b, Campbell et al. 2006, Hutter et al. 1995, Peter et al. 1996, Peter et 

al. 1997, Reardon et al. 2009), variety of environmental applications have 

been described for haloalkane dehalogenases, including by-product recy-

cling and bioremediation of contaminated sites (Koudelakova et al. 2012, 

Lal et al. 2010, Mena-Benitez et al. 2008, Stucki and Thüer 1995, Swanson 

1999). Haloalkane dehalogenases were further applied for detoxification 

of chemical warfare agents (Blum and Richardt 2008, Prokop et al. 2005, 



Prokop et al. 2006), synthesis of chiral intermediates for pharmaceutical 

use (Prokop et al. 2004, Prokop et al. 2010, Szymański et al. 2011, 

Westerbeek et al. 2011) and molecular imaging (Hong et al. 2011, Los et 

al. 2008, Taniguchi and Kawakami 2010, Zhang et al. 2006). Some of these 

applications have been commercialized by the companies BMG Engineer-

ing (www.bmgeng.ch), Enantis (www.enantis.com), OptiEnz 

(www.optienz.com), Promega (www.promega.com) and Photon System 

Instruments (www.psi.cz). 

During the past two decades, sixteen different haloalkane dehalogenases 

have been identified and biochemically characterized (Drienovska et al. 

2012, Hasan et al. 2011, Jesenska et al. 2000, Jesenska et al. 2005, Jesen-

ska et al. 2009, Keuning et al. 1985, Nagata et al. 1997, Poelarends et al. 

1998, Sallis et al. 1990, Sato et al. 2005, Scholtz et al. 1987, Yokota et al. 

1987). They have been originally isolated from bacterial strains living in a 

soil contaminated with halogenated compounds (Keuning et al. 1985, Na-

gata et al. 1997, Poelarends et al. 1998, Sallis et al. 1990, Scholtz et al. 

1987, Yokota et al. 1987), later also from pathogenic (Hasan et al. 2011, 

Jesenska et al. 2000, Jesenska et al. 2005) and symbiotic bacteria (Sato et 

al. 2005). Recently, the haloalkane dehalogenase originating from extre-

mophilic bacteria has been described and experimentally characterized 

(Drienovska et al. 2012). 

Substrate specificity, catalytic efficiency and stability of haloalkane deha-

logenases are important parameters to be considered for their practical 

applications, including design of catalytic biosensors. These enzymes pos-

sess broad substrate specificity. They are able to convert chlorinated, 

brominated and iodinated aliphatic hydrocarbons including alkanes, 

cycloalkanes, alkenes, alcohols, esters, carboxylic acids, ethers, epoxides, 

nitriles and amides (Damborsky et al. 2001, Koudelakova et al. 2011). 

Compounds carrying more than one halogen on a single carbon, fluori-

nated or aromatic are not converted (Damborsky et al. 2001). Halo-

genated compounds 1-bromobutane, 1-iodopropane, 1-iodobutane, 1,2-

dibromoethane and 4-bromobutanenitrile are the most general sub-

strates, which are converted by overwhelming majority of haloalkane 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Szyma%C5%84ski%20W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Szyma%C5%84ski%20W%22%5BAuthor%5D
http://www.optienz.com/
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dehalogenases. On the other hand, 1,2-dichloropropane, 1,2,3-

trichloropropane, chlorocyclohexane and (bromomethyl)cyclohexane 

were identified as poor substrates of haloalkane dehalogenases (Koude-

lakova et al. 2011). Nevertheless, the substrate range as well as the rate 

of conversion of individual substrates differs among haloalkane dehalo-

genases (Damborsky et al. 2001, Kmunicek et al. 2005, Sato et al. 2005). 

Catalytic efficiencies of haloalkane dehalogenases are in the range from 

104 to 105 M-1·s-1 with their best substrates (Bosma et al. 2003, Cha-

loupkova et al. 2003, Pavlova et al. 2009, Schanstra et al. 1996). Even 

though these numbers are far from the theoretical maximal value 108-109 

M-1·s-1 of diffusion-limited enzymes, they are close to the recently esti-

mated median catalytic efficiency of an “average enzyme” (Bar-Even et al. 

2011). However, the catalytic efficiency with the anthropogenic chlorin-

ated substrates such as 1,2,3-trichloropropane is significantly lower, 

which might be critical for the biosensor performance with these ana-

lytes. 

Stability of haloalkane dehalogenases is a key factor for their application 

in biosensing in different environmental conditions. The pH optimum of 

most haloalkane dehalogenases lies between 8.0 and 9.2, the tempera-

ture optimum between 37 °C and 50 °C (Koudelakova et al. 2012). Activity 

of haloalkane dehalogenases is reduced approximately five-times at 20 °C, 

in comparison with the activity at 37 °C (Bidmanova et al., unpublished 

data). Haloalkane dehalogenases showing good activity at lower tempera-

tures are attractive for biosensing and biodegradation, since the perform-

ance of these enzymes is strongly dependent on conditions at an applica-

tion site. Therefore, isolation of haloalkane dehalogenases with different 

temperature and pH preferences or their improvement by protein engi-

neering and immobilization is of interest for biosensing applications.  

The haloalkane dehalogenases LinB (Nagata et al. 1993), DhlA (Keuning et 

al. 1985), DhaA (Kulakova et al. 1997) and DbjA (Sato et al. 2005) exhibit-

ing the highest level of activity and ability to convert otherwise resistant 



compounds represent useful biocatalysts and will be described here into 

detail (Table 8.3). 

LinB enzyme was isolated from the bacterium Sphingobium japonicum 

UT26 (formerly Sphingomonas paucimobilis) that utilizes pesticide γ-

hexachlorocyclohexane as the sole carbon and energy source under aero-

bic conditions. The natural substrate of LinB is 1,3,4,6-tetrachloro-1,4-

cyclohexadiene, the intermediate in biodegradation of γ-

hexachlorocyclohexane (Nagata et al. 1993). LinB exhibits the broadest 

substrate specificity of all known haloalkane dehalogenases, preferring 

long-chain and β-substituted haloalkanes (Nagata et al. 1997). Activity of 

LinB towards chemical warfare agent sulphur mustard, bis(2-chloroethyl) 

sulphide, has been recently reported (Prokop et al. 2005). 

One of the best studied haloalkane dehalogenases to date is DhlA enzyme 

produced by the bacterium Xanthobacter autotrophicus GJ10 (Keuning et 

al. 1985). This enzyme is involved in degradation pathway of 1,2-

dichloroethane (Janssen et al. 1989) which is toxic compound used in syn-

thesis of vinyl chloride. DhlA generally dehalogenates only small termi-

nally halogenated aliphatic hydrocarbons (Damborsky et al. 2001). 

DhaA enzyme was isolated from the soil bacterium Rhodococcus rhodo-

chrous NCIMB 13064, utilizing 1-chloroalkanes as a sole carbon and en-

ergy source (Kulakova et al. 1997). DhaA has been extensively studied due 

to its activity towards 1,2,3-trichloropropane, which is a harmful by-

product in the manufacture of epichlorohydrin (Bosma et al. 2003, Gray 

et al. 2001, Pavlova et al. 2009). DhaA shows activity towards the chemi-

cal weapon sulphur mustard (Prokop et al. 2005).  

More recently described DbjA enzyme originates from the symbiotic bac-

terium Bradyrhizobium japonicum USDA110. DbjA can dehalogenate 

compounds with chain lengths of up to ten carbon atoms with the opti-

mum activity for compounds with six or seven carbon atoms (Sato et al. 

2005). Additionally, this enzyme exhibits high catalytic activity for β-

methylated haloalkanes (Chovancova et al. 2007). 
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Other haloalkane dehalogenases exhibit rather low dehalogenating activ-

ity (Koudelakova et al. 2012) and therefore enhancement of their catalytic 

properties by protein engineering or immobilization strategies is essential 

for practical applications. Additionally, identification and isolation of 

novel enzymes from extremophilic bacteria can provide biocatalysts pos-

sessing useful features for their applications, including biosensing.  

Table 8.3 here  

8.2.2 Immobilization of haloalkane dehalogenases 

Immobilization of biorecognition elements on the transducer surface is a 

necessary and critical step in the design of biosensors, strongly affecting 

their analytical performances (Andreescu and Sadik 2004, Sassolas et al. 

2012). Therefore, an intensive effort has been devoted to development of 

successful immobilization strategies for haloalkane dehalogenases. A 

good immobilization method should be simple, fast and gentle (Biran et 

al. 2008). Immobilized elements have to remain tightly bound to the sur-

face and should not be desorbed during the use. There are five common 

methods of immobilization (Fig. 8.3, Table 8.4): (i) entrapment, (ii) ad-

sorption, (iii) covalent binding, (iv) cross-linking and (v) affinity binding 

(Sassolas et al. 2012). 

Fig. 8.3 here  

Immobilization by entrapment is a simple method based on the fixation of 

biocatalysts, most frequently the microbial cells, within three-dimensional 

matrices without direct binding to the support (Bickerstaff 1997). The 

biocatalysts and additives can be simultaneously deposited in the same 

sensing layer. There is no need for modification of the biological element 

so that the function and activity is preserved. Biosensors based on en-

trapped enzymes or cells are often characterized by increased operational 

and storage stability. Major limitations of entrapment are diffusion re-



strictions caused by the support. They can be minimized by increasing the 

porosity of the matrix. On the other hand, entrapment often results in 

leaching of the enzymes or the cells during continuous use, which can be 

remedied by cross-linking (Mehrvar et al. 2000, Sassolas et al. 2012). 

Adsorption onto solid supports is the simplest technique of immobiliza-

tion which involves reversible surface interactions between enzymes or 

cells and support (Sharma et al. 2003). The adsorption mechanism is gov-

erned by week bonds such as Van der Waal’s forces, electrostatic and/or 

hydrophobic interactions between biomaterials and support (Choi 2004), 

so no chemical activation is required. This procedure is generally non-

destructive to the enzymes or the cells (Sassolas et al. 2012). Adsorption 

is cheap, fast and reversible, allowing regeneration with fresh enzymes or 

cells (Bickerstaff 1997, Lei et al. 2006). The most significant drawback of 

this technique is desorption of the element resulting from changes in 

temperature, pH and ionic strength (Choi 2004, Sassolas et al. 2012). 

Thus, biosensors based on adsorbed biocatalysts suffer from poor opera-

tional and storage stability (Sassolas et al. 2012). Another disadvantage is 

the non-specific adsorption of other proteins or substances (Bickerstaff 

1997, Choi 2004). 

Covalent binding is popular immobilization method for the enzymes, 

while it is not suitable for the microbial cells due to affecting cell viability 

by harsh conditions during the immobilization (D’Souza 2001). This 

method is based on binding of the biocatalysts to the surface through 

functional groups that they contain and that are not essential for their 

catalytic activity. The binding of enzymes to the solid support is generally 

carried out by initial activation of the surface using multifunctional re-

agents, followed by enzyme coupling to the activated support, then the 

removal of excess and unbound molecules (Sassolas et al. 2012). This 

technique is more permanent than the adsorption and avoids problems of 

protein leaching from the support. One drawback of this technique is that 

covalent binding might cause changes in the enzyme conformation result-

ing in lower activity (Lei et al. 2006). 



11 

Cross-linking is another well-known approach to develop biosensors 

which utilizes intermolecular cross-linking of proteins using glutaralde-

hyde or other cross-linking reagents (Mateo et al. 2004). The enzyme 

molecules can be either cross-linked with each other or in the presence of 

a functionally inert protein, e.g., bovine serum albumin. This method is at-

tractive due to its simplicity and achieved strong chemical binding be-

tween the biomolecules. The main disadvantage is the possibility of activ-

ity losses due to the distortion of the active enzyme conformation and the 

chemical alterations of the active site during cross-linking (Sassolas et al. 

2012). Cross-linking is rarely used as the only means of immobilization be-

cause the absence of mechanical properties and the poor stability are se-

vere limitations. This technique is most often used to enhance other im-

mobilization methods, mainly adsorption and entrapment (Bickerstaff 

1997). 

Affinity binding can provide oriented and site-specific immobilization of 

enzymes in order to avoid enzyme deactivation by the active site blocking 

(Campàs et al. 2009, Sassolas et al. 2012). Affinity bonds are created be-

tween an activated support, e.g., with avidin or metal chelates, and a spe-

cific group of protein sequence, e.g., biotin or histidine (Sassolas et al. 

2012). An enzyme can contain affinity tags in its sequence or the affinity 

tag needs to be attached to the protein sequence by genetic engineering 

methods (Campàs et al. 2009, Andreescu and Marty 2006). This method 

might be also useful for immobilization of cells.  

All aforementioned strategies were investigated for immobilization of 

haloalkane dehalogenases in the cells or in a purified form (Bidmanova et 

al. 2010a, Campbell et al. 2006, Dravis et al. 2001, Hutter et al. 1995, 

Johnson et al. 2008, Peter et al. 1996, Peter et al. 1997, Reardon et al. 

2009, Samorski 2008). Some of them were also applied in the develop-

ment of biosensors for detection of halogenated aliphatic hydrocarbons. 

Two previous reports described covalent binding of DhaA onto Eupergit 

(Samorski 2008) and alumina support impregnated by polyethyleneimine 

(Dravis et al. 2001). Combination of affinity and covalent binding was 

used for immobilization of DhlA on iron oxide nanoparticles (Johnson et 



al. 2008). Whole microbial cells, containing haloalkane dehalogenases, 

were entrapped in alginate and chitosan gel and used in a form of beads 

or layer coating the transducer (Campbell et al. 2006, Hutter et al. 1995, 

Peter et al. 1996, Peter et al. 1997, Reardon et al. 2009). Purified haloal-

kane dehalogenase used in the optical biosensor was pre-immobilized by 

adsorption and then cross-linked with glutaraldehyde (Bidmanova et al. 

2010a). In this case, cross-linking of LinB was favourable due to the high-

est activity retention and negligible leaching, unlike the entrapment and 

the combination of entrapment and cross-linking. 

Table 8.4 here  

8.2.3 Sensing principle of biosensors with haloalkane 

dehalogenases 

Upon addition of a halogenated compound to haloalkane dehalogenases 

immobilized in a purified form or inside the cells, the interaction between 

enzyme and target analyte can be detected by a number of analytical 

techniques using appropriate transducers. The measured signal should be 

correlated with the concentration of the analytes (Su et al. 2011). Among 

various sensing methods, electrochemical and optical techniques are 

most widely used in the development of catalytic biosensors (Rodriguez-

Mozaz et al. 2004, Su et al. 2011) and were also reported for the detec-

tion of products of dehalogenase reaction (Bidmanova et al. 2010a, 

Campbell et al. 2006, Hutter et al. 1995, Peter et al. 1996, Peter et al. 

1997, Reardon et al. 2009). 

Detection of halogenated aliphatic hydrocarbons based on potentiometry 

as one of several electrochemical approaches was described by Hutter et 

al. (1995) and Peter et al. (1996, 1997). The authors used chloride and 

bromide electrodes with an ion selective AgX-/AgS membrane in combina-

tion with the Ag/AgCl reference electrode. The electrodes were inter-

faced with the pH-ionometer (Hutter et al. 1995). Firstly, they developed 
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a bioassay based on the aforementioned ion selective electrode and 

polymer beads with entrapped microbial cells containing haloalkane 

dehalogenases (Hutter et al. 1995). This sensing design was adapted in 

the compact biosensor by coating the working electrode with an immobi-

lized microbial layer. Whole cells containing haloalkane dehalogenases 

had minimal influence on halide ions in measurement solution, however, 

the enzymatically formed chloride or bromide ions generated the change 

in the potential resulting from ion accumulation at the ion selective 

membrane interface. Potential difference between the working electrode 

and the reference electrode exhibited concentration-dependent behav-

iour (Peter et al. 1996). 

Although the potentiometric biosensor employing haloalkane dehalo-

genase (Peter et al. 1996) was only partially characterized and effect of 

some factors, e.g., buffering capacity or presence of other chemicals, was 

not studied, application of potentiometry can be advantageous for envi-

ronmental analysis. In general, potentiometric systems exhibit a wide de-

tection range, high sensitivity and selectivity due to the ion selective 

working electrode. However, a highly stable and accurate reference elec-

trode is always required (Griffiths and Hall 1993, Su et al. 2011). Signifi-

cantly, an ion selective potentiometric biosensor only requires measure-

ment of the electrode potential at near zero current, thereby simple and 

inexpensive instrumentation can be applied for potential field monitoring. 

Desirable features of potentiometric biosensors for environmental analy-

sis are also possibility of portability and miniaturization (Dennison and 

Turner 1995, Thévenot et al. 1999). However, this electroanalytical tech-

nique is confronted with a wide range of potential problems coming from 

complex environmental samples: (i) electrode fouling resulting in errone-

ous response characteristics, (ii) electrode drift leading to poor repro-

ducibility, (iii) electrode dissolution causing a high surface excess of ana-

lyte that degrades the detection limit of the ion selective electrode and 

(iv) electrode instability resulting in the response characteristics which are 

erratic and non-representative (De Marco et al. 2007). 



Biosensors for optical detection of halogenated aliphatic hydrocarbons 

were firstly described by Campbell et al. (2006) and Reardon et al. (2009). 

Their sensing concept utilized immobilized whole microbial cells contain-

ing haloalkane dehalogenase on the optical transducer. The first biosen-

sor exploiting purified haloalkane dehalogenase has been recently re-

ported by Bidmanova et al. (2010a). All mentioned systems (Bidmanova 

et al. 2010a, Campbell et al. 2006, Reardon et al. 2009) were based on the 

measurement of optical signal changes produced in dependence on the 

concentration of protons as products of dehalogenase reaction.  

Reported biosensors consisted of an pH optode and optoelectronic in-

strumentation: light source, light detector and signal processing (Fig. 8.4). 

The optode was constructed by immobilization of a fluorescent pH indica-

tor on an optical fiber, which was used to couple light between the indica-

tor and the measurement instrumentation. The light from the halogen 

lamp or light-emitting diode (LED) was filtered to select narrow band of 

wavelengths at excitation maximum of the indicator. After reflection on a 

dichroic mirror, the light was introduced into polymethylmethacrylate op-

tical fiber to excite the immobilized indicator on a tip. Emitted light was 

collected and transmitted by a fiber to a dichroic mirror which reflected 

the long-wavelength light and passed shorter wavelengths. The light di-

rected into a photomultiplier was then transformed into an electrical sig-

nal (Bidmanova et al. 2010a, Campbell et al. 2006, Reardon et al. 2009). 

Fig. 8.4 here  

These first prototypes of the biosensor systems provided space for opti-

mization. The most recent biosensor called EnviroPen was developed in 

collaboration among Loschmidt Laboratories at Masaryk University 

(www.muni.cz), Enantis (www.enantis.com) and Photon System Instru-

ments (www.psi.cz). The EnviroPen follows the original sensing concept. 

However, its optoelectronic instrumentation part was fine-tuned to be 

more sensitive and simultaneously simple, miniature and inexpensive (Fig. 

8.5). Photomultiplier in this instrument was replaced by photodiode and 

optical fiber was replaced by the plastic stick. 

http://www.psi.cz/
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Fig. 8.5 here 

Selection of an indicator dye for the pH optode is a critical step in biosen-

sor development. Although many pH indicators are known, only a few 

meet the requirements for the use in a pH optode. They should possess 

an appropriate pKa in the pH range of interest, strong absorption within 

the wavelength range from 400 to 700 nm, photo- and chemical stability, 

non-toxicity, availability of functional groups suitable for immobilization 

and high quantum yield (Leiner and Hartmann 1993). Indicator dyes which 

were applied in the biosensors with haloalkane dehalogenases (Fig. 8.6) 

were: (i) fluoresceinamine, (ii) 5(6)-carboxyfluorescein and (iii) 5(6)-

carboxynaphthofluorescein (Bidmanova et al. 2010a, Campbell et al. 

2006, Reardon et al. 2009). These molecules undergo reversible changes 

in their fluorescent intensity upon reaction with protons (Leiner and 

Hartmann 1993). Although they all belong to the derivatives of fluo-

rescein, they differ in their properties, e.g., pKa value, excitation and 

emission wavelength, the Stokes shift and quantum yield (Bidmanova et 

al. 2012, Duong et al. 2006). They also possess different functional groups 

for the immobilization to ensure close proximity with the optical trans-

ducer.  

Fig. 8.6 here 

Immobilization method has significant impact on mechanical integrity and 

response characteristics of the constructed biosensor. Generally, the 

same immobilization strategies as described for the biorecognition ele-

ment are applicable for the indicator molecules. Fluoresceinamine in bio-

sensors developed by Campbell et al. (2006) and Reardon et al. (2009) 

was immobilized on the tip of optical fiber by cross-linking with glutaral-

dehyde. The microbial cells containing haloalkane dehalogenases were 

immobilized subsequently on the prepared sensing layer. More conven-

ient approach is co-immobilization of biorecognition element and indica-

tor dye by one immobilization method, which is suitable for both sensing 

elements (Biran et al. 2008). Cross-linking with glutaraldehyde was used 

by Bidmanova et al. (2010a) to prepare a biosensor tip formed by one 



sensitive layer of the purified haloalkane dehalogenase and the conjugate 

of fluorescent pH indicator with bovine serum albumin. The microenvi-

ronment resulting from the sensing layer usually affects the properties of 

pH indicator. In particular, shifts of several units in pKa value can be ob-

served (Duong et al. 2006, Lobnik et al. 1998, Schulman et al. 1995, 

Wencel et al. 2009). Furthermore, response time or photostability of im-

mobilized indicator may be altered due to different diffusion rates and 

hydrophobicities (Lobnik et al. 1998, Wolfbeis et al. 1992). Therefore, the 

immobilized conjugates of 5(6)-carboxyfluorescein and 5(6)-

carboxynaphthofluorescein with bovine serum albumin were character-

ized into detail (Bidmanova et al. 2012).  

The optical biosensors employing haloalkane dehalogenases offer numer-

ous benefits for environmental monitoring. Optical systems can be easily 

miniaturized (Farré et al. 2009) as it was demonstrated for the latest ver-

sion of biosensor EnviroPen (Fig. 8.5). These devices are cost-effective 

and thus can be fabricated as disposable biosensors. Moreover, fiber-

optic biosensors can be used for remote or hazardous applications be-

cause light is transmitted over long distances in the fiber and the detector 

can be located at the distance from the sensor tip (Biran et al. 2008, Lin 

2000, Marazuela and Moreno-Bondi 2002). These biosensors do not re-

quire additional reference element, unlike potentiometric biosensors (Bi-

ran et al. 2008, Marazuela and Moreno-Bondi 2002). Further advantage is 

transmission of multiple signals simultaneously, enabling detection of 

several analytes at a time (Farré et al. 2009, Marazuela and Moreno-

Bondi, 2002). Such multichannel device for detection of environmental 

contaminants including halogenated hydrocarbons has been recently de-

veloped by the company OptiEnz (www.optienz.com). On the contrary, 

optical biosensors also implicate certain limitations. They have a narrow 

dynamic range compared to the electrodes (Lin 2000, Wolfbeis 2005), can 

be interfered by the sample turbidity, the ambient light or the scattered 

excitation light. They offer limited operational lifetime due to possible 

photobleaching or leaching of the indicator dye out of the biosensor (Bi-

ran et al. 2008, Lin 2000, Marazuela and Moreno-Bondi, 2002). 
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8.2.4 Performance of biosensors with haloalkane dehalogenases 

The developed biosensors employing haloalkane dehalogenases were 

characterized by evaluation of their analytical parameters such as limit of 

detection, selectivity, stability and reproducibility. Selected biosensors 

were also tested for functionality under operating conditions. Character-

istics of both potentiometric and optical systems are summarized in the 

Table 8.5 (Koudelakova et al. 2012). 

Table 8.5 here  

Reported biosensors differ in the detection limit ranging from 1 to 25,000 

μg·l-1 (Bidmanova et al. 2010a, Campbell et al. 2006, Peter et al. 1996, 

Reardon et al. 2009). Although such detection limits are sufficient for 

monitoring of contaminated sites, they would have to be lowered for the 

analysis of drinking water (Reardon et al. 2009). The maximum contami-

nant limits of regulated chemicals 1,2-dibromoethane, 1,2-dichloroethane 

and γ-hexachlorocyclohexane in drinking water set by U.S. EPA range 

from 0.05 μg·l-1 to 5 μg·l-1 (United States Environmental Protection 

Agency 2011). Improvement of the detection limit was successfully dem-

onstrated with the optical biosensor based on the purified enzyme LinB 

from Sphingobium japonicum UT26. The first prototype of the biosensor 

(Fig. 8.5a) exhibited detection limit of 25,000 μg·l-1 for 1,2-dibromoethane 

(Bidmanova et al. 2010a). Systematic research and development led to 

construction of innovative biosensor EnviroPen (Fig. 8.5b, Table 8.6) 

based on different indicator dye and fine-tuned optoelectronics, lowering 

the detection limit by one order of magnitude, reaching 2,600 μg·l-1 

(Hrdlickova et al. unpublished data). Further decrease of the detection 

limit will require application of protein engineering to improve the cata-

lytic performance of employed enzymes (Campàs et al. 2009).  

Table 8.6 here  

Selectivity  of a biosensor is determined by employed biorecognition ele-

ment. Individual haloalkane dehalogenases are not specific to the particu-



lar substrate due to their wide substrate scope (Koudelakova et al. 2011). 

Limited selectivity of haloalkane dehalogenase-based biosensor can be 

improved through the protein engineering or by using sensor arrays carry-

ing the enzymes with different selectivities (Reardon et al. 2009). Such 

strategy is applicable for the detection of 1,2-dichloroethane, which is 

converted only by DhlA (Janssen et al. 2005). Another approach, enabling 

monitoring of a broad range of halogenated compounds, can be based on 

combination of several haloalkane dehalogenases with different substrate 

specificities in the multichannel device. This system might be very useful 

for preliminary screening of potentially contaminated sites with analysis 

of the positive samples by confirmatory analytical techniques. 

Critical parameters of biosensors influencing their applicability are repro-

ducibility, measurement time and storage stability. All reported biosen-

sors employing both whole-cells and purified enzyme exhibit standard 

deviation lower than 10%, although this value is calculated from a differ-

ent number of measurements (Bidmanova et al. 2010a, Campbell et al. 

2006, Peter et al. 1996, Reardon et al. 2009). The time necessary for 

monitoring of biosensor response is up to 30 min in the most of the re-

ported biosensors. This is acceptable for the long-term monitoring, how-

ever, mapping of contamination favours collection of the data more rap-

idly (Allan et al. 2006). Improvement of the instrumentation and 

modification of data analysis led to remarkable reduction of the meas-

urement time from 30 min to 1 min (Table 8.6). Important issue is also the 

storage stability of the biosensors. Current biosensors are stored at 4 °C in 

buffer solution (Campbell et al. 2006, Reardon et al. 2009) or in a dry form 

(Peter et al. 1996), however, their stability is limited. Storage stability can 

be improved by lyophilization (Cao 2005). 

Biosensor performance, mainly enzymatic reaction in biosensor, is 

strongly affected by the properties of the application site, particularly by 

temperature and pH. Average temperature of a groundwater in Central 

Europe is approximately 9.5 °C (Pitter 2009). Temperature of surface wa-

ter is strongly dependent on the climatic conditions and ranges from 0 °C 

under ice to 40 °C in the hot springs. The average annual temperature of 
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Central European rivers is approximately 10 °C, however, the temperature 

strongly varies throughout the year (Pitter 2009). The most common pH is 

6.5 to 8.5 for surface water (Hem 1985) and 6.0 to 8.5 for groundwater 

systems (Hem 1985, Jordana and Piera, 2004). However, acidification 

caused by industry can lead to pH values lower than 5.5 (Scheidleder et al. 

1999). Majority of reported biosensors are able to cover the common pH 

range of waters (Hrdlickova et al. unpublished data, Peter et al. 1996, 

Reardon et al. 2009), however, broad temperature diversity might be an 

obstacle. The biosensors perform well in the temperature range from 20 

°C to 30 °C, retaining minimally 80% of their response (Bidmanova et al. 

2010a, Campbell et al. 2006, Peter et al. 1996, Reardon et al. 2009). The 

optical biosensors utilizing purified haloalkane dehalogenases LinB and 

DhaA31 are also able to detect halogenated chemicals down to 5 °C. Ap-

plication of novel haloalkane dehalogenases from extreme environments, 

active at lower temperature and pH, would be an advantage for prepara-

tion of the biosensors suitable for variety of environments. 

While monitoring contaminants in the environment, the evaluation of po-

tential matrix effects on biosensor performance is of great importance. 

Environmental samples are usually comprised of extremely complex and 

variable mixtures of proteins, carbohydrates, lipids, small molecules and 

salts, which may lead to false positive or false negative results (Long et al. 

2009). The potential matrix effect of environmental water samples (Fig. 

8.7) was evaluated with the biosensor employing purified haloalkane 

dehalogenase LinB (Fig. 8.8). The detection limit for the water samples 

spiked with 1,2-dibromoethane was 64,000 μg·l-1, which was slightly 

higher, compared to the detection limit in the buffer solution (25,000 μg·l-

1).  

Fig. 8.7 here  

Fig. 8.8 here  



8.3 Conclusions  

The biosensors employing haloalkane dehalogenases have been demon-

strated as fast, reliable, simple and cost-effective tools for detection of 

halogenated aliphatic hydrocarbons under laboratory conditions. The 

field trials under environmental settings are currently in progress. On the 

basis of reported features, good perspectives are given to the optimized 

systems in both field screening and field monitoring. Applications of the 

biosensors for screening based on high-throughput analyses may include 

spatial and temporal characterization of specific halogenated contami-

nants, e.g., identification of hot spots in the contaminated site or concen-

tration changes of a contaminant on a short time scale. Developed sys-

tems are also particularly suited for continuous in situ monitoring, where 

sample removal is inconvenient, difficult or dangerous. Specific examples 

might include in situ monitoring of a process control stream to determine 

the efficiency of hazardous waste site remediation, monitoring an agricul-

tural run-off during a peak application periods or continuous monitoring 

of wells to determine whether concentrations of an analyte of interest 

during remediation procedure or after the site closure are in compliance.  
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Tables 

Table 8.1 Comparison of conventional analytical methods and biosensors for detection of envi-
ronmental pollutants: + advantage, - disadvantage, ± limitation (Dennison and Turner 1995, 
Rodriguez-Mozaz et al. 2007). 

Characteristics Conventional methods Biosensors 

Sample pre-treatment - + 

Sensitivity  + ± 

Selectivity + ± 

Time consumption - + 

Costs  - + 

Measurement mode ± + 

Requirement on personnel - + 
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Table 8.2 Comparison of whole cells and purified enzymes as the biorecognition elements in the 
biosensors (D’Souza 2001, Mehrvar et al. 2000, Orellana and Haigh 2008, Rogers 2006, Wang 
and Liu 2010) 

Properties Whole cells Purified enzymes 

Preparation  Simple culturing and harvesting Tedious, time-consuming and costly 
purification 

Changes of catalytic 
properties  

Modification by genetic engineer-
ing, adaptation to adverse condi-
tions 

Modification by genetic engineer-
ing 

Requirement of co-
factors 

Presence of all needed co-factors in 
single cell 

Need of extra co-factors 

Multianalyte detection Presence of all enzymes in single 
cell 

Immobilization of enzyme mixture 
on transducer 

Sensitivity Low due to lower concentration of 
enzyme 

High 

Selectivity Low due to unwanted side reac-
tions 

High 

Response time Long due to need for cell mem-
brane crossing  

Fast 

Lifetime Long due to stabilization of en-
zymes inside cell  

Limited due to low stability of en-
zymes 

Regeneration Allowing re-growth of cells  Immobilization of fresh enzymes 

 



Table 8.3 Characteristics of four haloalkane dehalogenases exhibiting the highest application potential (adapted from Koudelakova et al. 2012). 

Enzyme LinB DhlA DhaA DbjA 

Organism  Sphingobium japonicum  
UT26 

Xanthobacter autotrophicus 
GJ10 

Rhodococcus rhodochrous 
NCIMB 13064 

Bradyrhizobium japonicum 
USDA110 

Heterologous host Escherichia coli Escherichia coli Escherichia coli Escherichia coli 

Non-optimized yield 
(mg·l-1) 

50 70 120 50 

Predicted MW (kDa) 33 35 33 34 

Quarternary structure a 1 1 1 1, 2 or 4 b  

pI - c 5.4 4.5 or 4.7 d - c 

pH optimum 8.2 or 8.8 d 8.2 8.0-9.5 d 9.7 

Temperature optimum 
(°C) 

40 37 30-37 d 50 

Preferred substrates e Ethyl 2-bromobutyrate                                    
1,2-Dibromethane                                         
Methyl 2-bromopropionate 

1,2-Dibromomethane                                  
1,2-Dichloroethane                                     
1,3-Dichloropropene 

1,2-Dibromoethane                                                  
3-Chloropropene                                          
1,3-Dichloropropene 

 Ethyl 2-bromopropionate                             
2-Bromo-1-chloropropane                           
1,2-Dibromoethane 
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Attractive substrates f 1,3,4,6,-Tetrachloro-1,4-
cyclohexadiene                            
Sulphur mustard 

1,2-Dichloroethane                   
1,2-Dibromomethane 

1,2,3-Trichloropropane                                  
Sulphur mustard 

1,2-Dibromoethane 

Applications Biosensing                                                               
Bioremediation                                                     
Decontamination  

Biosensing                                                               
Bioremediation 

Biosensing                                                                
Bioremediation                                               
Biocatalysis                                                            
Decontamination                                                  
Molecular imaging 

Biosensing                                                           
Biocatalysis 

 

a number of subunits, b structure depends on conditions, c not determined, d different sources of data, e substrates converted with the highest rates, f sub-
strates interesting for biosensing application, abbreviations: MW – molecular weight, pI – isoelectric point 



Table 8.4 Advantages and limitations of basic immobilization methods (Park et al. 2010, Sasso-
las et al. 2012). 

Method Binding principle Immobilized 
element 

Advantages Disadvantages 

Entrapment Incorporation of 
biocatalyst within 
gel or polymer 

Cells               
Enzymes a 

Activity retained, dif-
ferent biocatalysts in 
same matrix 

High diffusion barrier, 
leaching  

Adsorption Weak bonds Cells              
Enzymes 

Simple, no modification 
of biocatalyst 

Desorption, non-
specific adsorption 

Covalent 
binding 

Covalent bonds be-
tween biocatalyst 
and support 

Enzymes Low diffusion barrier, 
stable, short response 
time 

Specific groups re-
quired, loss of activity, 
often toxic cross-linker  

Cross-linking Covalent bonds be-
tween biocatalyst 
and cross-linker 

Enzymes Simple Loss of activity, low 
mechanical stability 

Affinity bind-
ing 

Affinity bonds be-
tween support and 
biocatalyst 

Cells                               
Enzymes 

Controlled and ori-
ented immobilization 

Specific groups re-
quired 

 

a often combined with other immobilization method 



Table 8.5 Characteristics of the biosensors employing haloalkane dehalogenases (Koudelakova et al. 2012). 

Biorecognition  
element 

Immobilization 
method 

Transducer Detection limit 
(µg·l-1) 

SD 
(%) 

Time a 
(min) 

pH b Temperature b 
(°C) 

Stability b References 

Whole cells of 
Rhodococcus sp. DSM 
6344 

Entrapment in algi-
nate gel 

Chloride and bromide se-
lective potentiometric 
electrode  

220 for CB                                
40 for DBA 

7.8 5 5.0-9.0 20.0-30.0 4 °C,                              
7 days 

(Peter et al. 
1996) 

Whole cells of Xantho-
bacter autotrophicus 
GJ10 

Entrapment in algi-
nate gel  

Fiber optic fluo-
resceinamine-based pH 
optode 

11,000 for DCA 9.0 8-10 7.3 Room tem-
perature 

4 °C,                                  
9 days 

(Campbell et 
al. 2006) 

Whole cells of 
Rhodococcus sp. GJ70 

Entrapment in algi-
nate gel  

Fiber optic fluo-
resceinamine-based pH 
optode 

1 for DBA 9.0 7-110 5.5-6.5 Room tem-
perature 

4 °C,                                 
9 days 

(Reardon et 
al. 2009) 

Enzyme LinB from 
Sphingobium japoni-
cum UT26 

Cross-linking with 
glutaraldehyde 

Fiber optic 5(6)-
carboxyfluorescein-based 
pH optode 

24,985 for DBA                   
1,750 for CCMP 

- c 30 8.2 21.0 4 °C,                                  
90 days d 

(Bidmanova 
et al. 2010a) 

Enzyme LinB from 
Sphingobium japoni-
cum UT26 

Cross-linking with 
glutaraldehyde 

5(6)-
Carboxynaphthofluo-
rescein-based pH optode 

2,630 for DBA                     
750 for CCMP 

8.6 1 6.0-10.0 18.5-22.0 - c - d 

Mutant enzyme 
DhaA31 from 
Rhodococcus sp. 

Cross-linking with 
glutaraldehyde 

5(6)-Carboxynaphtho-
fluorescein-based pH op-
tode 

1,327 for TCP - c 1 6.5-7.5; 
8.5-9.0 

16.0-22.0 - c - d 



 
a measurement time used for monitoring of enzymatic reaction and calculation of the detection limit, b retention of >80% biosensor response, c not tested, 
d not published (Hrdlickova et al. unpublished data), EnviroPen biosensor commercialized by the company Enantis (www.enantis.com), abbreviations: CB 
– chlorobutane, CCMP – 3-chloro-2-(chloromethyl)-1-propene, DBA – 1,2-dibromoethane, DCA – 1,2-dichloroethane, SD – standard deviation, TCP – 1,2,3-
trichloropropane 



Table 8.6 Comparison of the optical biosensors based on purified haloalkane dehalogenases 
demonstrating a progress made from the first prototype to the fine-tuned and miniaturized 
biosensor. 

Properties Prototype EnviroPen 

Chemical compatibility  Aqueous solution a Aqueous solution a 

Detection limits (μg·l-1) 24,985 for DBA                         
1,750 for CCMP 

2,630 for DBA                         
750 for CCMP  

pH range - b 4-10 c 

Temperature range (°C) - b 4-40 d 

Measurement time (min) e 30 1 

Storage  Dry or wet conditions Dry or wet conditions 

Size (cm) 25×7×25 6×3×19 

Estimated manufacturing costs (€) 6,000 1,600 

 
a potential for gas biosensing, b not tested, c retention of >60% biosensor response, d retention of 
>20% biosensor response, e measurement time used for monitoring of enzymatic reaction and 
calculation of detection limit, abbreviations: CCMP – 3-chloro-2-(chloromethyl)-1-propene, DBA 
– 1,2-dibromoethane 



Figure captions 

Fig. 8.1 Schematic representation of environmental analysis using conventional analytical 
methods (adapted from Jakubowska et al. 2009). 

Fig. 8.2 Schematic setup of a biosensor (adapted from Leonard et al. 2003). 

Fig. 8.3 Schematic representation of the basic immobilization methods (Sassolas et al. 2012). 

Fig. 8.4 Schematic of optical biosensor system including enlarged view of the biosensor tip. Ab-
breviation: LED – light-emitting diode (adapted from Campbell et al. 2006).  

Fig. 8.5 Optical biosensors employing purified haloalkane dehalogenase: a instrumentation of 
the first biosensor prototype (Bidmanova et al. 2010a), b the fine-tuned and miniaturized latest 
version of the biosensor EnviroPen (www.enantis.com). Pictures are in the scale 1:10. 

Fig. 8.6 Structure of fluorescent pH indicators used in optical biosensors employing haloalkane 
dehalogenases: a fluoresceinamine, b 5(6)-carboxyfluorescein and c 5(6)-
carboxynaphthofluorescein. 

Fig. 8.7 Environmental water samples collected from the landfill site Hajek in Czech Republic. 
Samples were spiked with 1,2-dibromoethane and analysed using the haloalkane dehalo-
genase-based biosensor. 

Fig. 8.8 Calibration plot of the dehalogenase-based biosensor for 1,2-dibromoethane a in buffer 
solution and b in spiked water sample collected from landfill site. Error bars represent three to 
five independent measurements (Bidmanova et al. 2010, Hrdlickova et al. unpublished data). 
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