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Supplementary Experimental Section 

Immobilization of pH indicator. The biosensor tips were prepared from the lyophilized 

enzyme LinB (2 mg) and the lyophilized conjugates of 5(6)-carboxyfluorescein (CF-BSA) 

and 5(6)-carboxynaphthofluorescein (CNF-BSA; 4 mg) which were dissolved in 25 % (v/v) 

glycerol (32 µl). This mixture (5 µl) was applied to the glass discs by pipetting into a thin 

layer. The discs were exposed to 70 % (v/v) glutaraldehyde vapours for 30 min. The biosensor 

tips were stored in 50 mM phosphate buffer (pH 7.5) at 4 °C overnight. The pH sensitivity of 

immobilized conjugates was studied in 50 mM phosphate buffer in the pH range from 2.0 to 

10.0 at 22 °C. The pH of solution was adjusted using 3 M hydrochloric acid or 3 M sodium 

hydroxide and a pH meter ORION Star (Thermo Scientific, USA) with a pH electrode Double 

Pore (Hamilton, USA). The biosensor signal recorded after steady signal occurred was plotted 

in dependence on pH of the measurement solution and pKa was calculated using sigmoidal fit 

in Origin 6.1 (OriginLab, USA). 

 

Preparation of enzymes.  

Cloning of genes. Genes of wild-type and mutant haloalkane dehalogenases were subcloned 

into the plasmids pET21b (LinB and DhaA31) and pET11a (DhlA). The resulting constructs 

were transformed into the competent cells of E. coli BL21 using the heat shock method and 

plated on LB agar plates with ampicillin (100 µg·ml
-1

). Plates were incubated overnight at 37 

°C. Single colonies were used to inoculate 10 ml of LB medium with the ampicillin (100 

µg·ml
-1

), and the cells were grown at 37 °C. Overnight cultures were used to inoculate 1 l of 

LB medium with the above mentioned antibiotic. The cells were cultivated at 37 °C with 

shaking until an optical density of 0.4-0.6 (λ = 600 nm), after which expression was induced 

with 0.5 mM isopropyl-β-D-thiogalactopyranoside. The cells were then cultivated overnight 

at 20 °C. The biomass was harvested by centrifugation.  

The codon optimized gene of γ-hexachlorocyclohexane dehydrochlorinase LinA was 

subcloned into the plasmid pAQN. The plasmid was transformed into the host cells of E. coli 

BL21 using the heat shock method. Plating was performed on LB agar plate with ampicillin 

(100 µg·ml
-1

). The plates were incubated overnight at 37 °C. Single colonies were used to 

inoculate 10 ml of LB medium with the ampicillin (100 µg·ml
-1

), and the cells were grown at 

37 °C. Overnight cultures were used to inoculate 1 l of LB medium with the above mentioned 

antibiotic. The cells were cultivated at 37 °C with shaking until an optical density of 0.4-0.6 
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(λ = 600 nm), after which expression was induced with 0.5 mM isopropyl-β-D-

thiogalactopyranoside. The cells were harvested after overnight incubation at 20 °C. 

Protein expression and purification. The harvested cells containing haloalkane dehalogenases 

or dehydrochlorinase were washed and resuspended in purification buffer A (20 mM K2HPO4 

and KH2PO4, 500 mM NaCl, 10 mM imidazole, pH 7.5). The cells were disrupted by 

sonication using the ultrasonic processor Hielscher UP200S (Teltow, Germany) with 0.3 s 

pulses and 85 % amplitude. The cell lysate was centrifuged for 1 hour at 21,000 g at 4 °C, and 

the resulting cell free extract was decanted. The enzymes were purified using single-step 

metal affinity chromatography. The crude extract was applied to a 5 mL Ni-NTA Superflow 

column (Qiagen, Germany). The column was attached to a BioLogic Duo Flow (Bio-Rad, 

USA). The buffer system consisted of buffer A and buffer B (20 mM K2HPO4 and KH2PO4, 

500 mM NaCl, 500 mM imidazole, pH 7.5). The recombinant enzymes were eluted at 60 % of 

buffer B during a two-step gradient method: 0-10 % in 5 column volumes and 10-60 % of 

buffer B in 10 column volumes. The fractions containing the enzyme were pooled and the 

protein was concentrated using a stirred ultrafiltration cell (Millipore, USA). All enzymes 

were dialyzed against 50 mM phosphate buffer (pH 7.5) and lyophilized using freeze dryer 

ALPHA 1-2 LD (Martin Christ, Germany). 

 

Immobilization of enzymes. Glass slides (26×10×1 mm) were purchased from Merci (Czech  

Republic) and used as a solid support. They were washed thoroughly with toluene, acetone, 

ethanol and 1 M sodium hydroxide before the immobilization. Then, they were washed with 

deionized water and dried using a paper cloth.  

Cross-linking with glutaraldehyde. The lyophilized LinB (2 mg) and BSA (4 mg) were 

weighed into the Eppendorf tube and dissolved in 25 % (v/v) glycerol (32 µl). This mixture 

was applied on the glass slides (2 μl) and exposed to 70 % (v/v) glutaraldehyde vapors for 30 

min.   

Cross-linking with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). The lyophilized 

LinB (5 mg) and BSA (1 mg) were dissolved in 500 μl of 50 mM pyridine (pH 7.0). The 

cross-linker was prepared by dissolution of 7 mg of EDC in 250 μl of 50 mM pyridine (pH 

7.0). Adipic acid dihydrazide (8 mg) was dissolved in 500 μl of 50 mM pyridine (pH 7.0). 

The protein solution was mixed with EDC, to create a final concentration of 23.9 mM. The 

solution of adipic acid dihydrazide (10 μl) was added to the sample. The immobilization 

https://en.wikipedia.org/wiki/1-Ethyl-3-%283-dimethylaminopropyl%29carbodiimide
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mixture (4 μl) was applied on the glass slides, and the mixture was allowed to polymerize 

overnight at 4 °C. 

Preparation of CLEAs. The lyophilized LinB (38.4 mg) and BSA (38.4 mg) were dissolved in 

9.6 ml of water, and precipitated by 28.8 ml of saturated ammonium sulfate (pH 8.0) for 45 

min under stirring. The precipitated proteins were cross-linked with 3.1 ml of dextran 

polyaldehyde (Drobchenko et al., 1993) for 45 min. Precipitation and cross-linking steps were 

performed in an ice bath. After cross-linking, the suspension was centrifuged at 4,000 g for 20 

min at 4 °C. The supernatant was withdrawn, and the resulting CLEAs were resuspended in 

30.7 ml of saturated sodium hydrogen carbonate. Sodium borohydride (61.4 mg) was added to 

the solution, and was allowed to react for 30 min at 4 °C under constant stirring. The CLEAs 

were washed three times with 50 mM phosphate buffer (pH 7.5), and separated by 

centrifugation at 4,000 g for 10 min at 4 °C. 

Entrapment of CLEAs in LentiKats. Polyvinyl alcohol (1 g) and polyethylene glycol (0.6 g) 

were added to 6.6 ml of deionized water. The mixture was heated to 98 °C, until polyvinyl 

alcohol particles were dissolved completely, then slowly cooled to 35 °C. A suspension of wet 

CLEAs (1.8 g) was slowly added to the mixture, and carefully mixed. Small droplets of the 

resulting mixture were dripped on a smooth plastic plate and dried at 30 °C. After drying 

down to 30 % of the initial mass, the resulting lenses were incubated in 0.1 M sodium sulfate 

for 40 min to re-swell. Prepared LentiKats were washed with 400 ml of deionized water and 

stored at 4 °C (Jekel et al., 1998). 

 

Determination of enzymatic activity. The activity was determined with free enzyme, freshly 

immobilized enzyme, and immobilized enzyme exposed to 10 ml of 100 mM glycine buffer 

(pH 8.6) for 24 h at 4 °C. Activity was measured in 10 ml of 100 mM glycine buffer (pH 8.6) 

at 37 °C, using the Iwasaki method (Iwasaki et al., 1952). The substrate 1,2-dibromoethane 

was added to create a final concentration of 8.7 mM, determined by gas chromatograph 

(Trace GC, ThermoQuest Scientific, Great Britain). The reaction was started by addition of 

the enzyme to the reaction mixture, and terminated by mixing with 35 % (v/v) nitric acid. The 

increasing concentrations of the reaction products (bromide ions) were measured with 

mercuric thiocyanate and ferric ammonium sulphate at 460 nm by the spectrophotometer 

Sunrise (Tecan, Switzerland). The amount of the reaction products was determined from a 

calibration curve, prepared using sodium bromide as a standard solution. 
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Characterization of biosensor. The biosensor and reference discs with CNF-BSA and LinB 

or BSA were prepared in one batch as described in detail in the Experimental Section unless 

otherwise noted. The procedure used to determine the analytical performance of the biosensor 

differed slightly in the dependence on measured feature. The biosensor response was 

evaluated as described in the Experimental Section. 

Signal stability. The signal stability was determined using the biosensor and reference discs 

preincubated in 50 mM phosphate buffer (pH 9.0) and subsequently immersed into stirred 

1 mM HEPES buffer (pH 8.2). The signal was recorded for 60 min and plotted as a 

dependence of the response on time.   

Effect of light intensity of measuring light. The biosensor tips were equilibrated in 50 mM 

phosphate buffer (pH 9.0) before each measurement. After recording the steady signal, they 

were immersed into 5 ml of 1 mM HEPES buffer (pH 9.0) spiked with 1,2-dibromoethane (38 

mg·l
-1

). The signal was recorded at selected light intensity of measuring light for 1 min and 

evaluated as described in the Experimental Section. New tips were used for each 

measurement. 

Effect of pH and temperature. The influence of both factors on the biosensor response to 1,2-

dibromoethane (64 mg·l
-1

) was determined in pH ranging from 3.5 to 10.0 at 22 °C and 

temperature ranging from 5 °C to 60 °C at initial pH of 9.0. The biosensor response was 

evaluated as described in the Experimental Section. 

Reproducibility and repeatibility. Reproducibility was studied by using the biosensor and 

reference tips prepared from three different batches of the enzyme LinB or BSA and the 

conjugates CNF-BSA. The tips were equilibrated in 50 mM phosphate buffer (pH 9.0) before 

the measurement. After recording the steady signal, 1,2-dibromoethane (380 mg·l
-1

) was 

injected into 5 ml of 1 mM HEPES buffer (pH 9.0) and the signal was recorded for 1 min. 

Then, the biosensor tip was washed with deionized water prior to further use. Repeatability 

was determined with the same tips by the measurement of the biosensor response to 1,2-

dibromoethane (380 mg·l
-1

) in ten consecutive measurements. The biosensor responses 

determined in both tests were evaluated as described in the Experimental Section. 

Continuous use. The tips were equilibrated in 50 mM phosphate buffer (pH 9.0) before the 

measurement. After recording the steady signal, 1,2-dibromoethane (38 mg·l
-1

) was injected 

into 5 ml of 1 mM HEPES buffer (pH 9.0) and the signal was recorded for 5 min. The 
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regeneration of the biosensor consisted of careful removal of the measurement solution (90 % 

of total volume) and addition of 19 ml of a fresh measurement solution. The biosensor layer 

was immersed in the measurement solution during the whole procedure. The biosensor 

response was recorded for 10 min. Subsequently, 15 ml of the measurement solution was 

removed and a new injection of 1,2-dibromoethane (38 mg·l
-1

) followed. The whole 

procedure was repeated three times with the final monitoring of the signal during the 

regeneration for 20 min. The biosensor response was plotted in the dependence on time. 

Quantification of analytes. The concentrations of 1,2-dibromoethane, 1,2-dichloroethane, 

1,2,3-trichloropropane and 3-chloro-2-(chloromethyl)-1-propene used for laboratory 

measurements were determined by a gas chromatograph 7890A (Agilent Technologies, USA) 

or GC Trace 2000 (Thermo Finnigan, USA), both with a DB-FFAP 30 m×0.25 mm×0.25 µm 

capillary column (Phenomenex, USA) and a flame ionization detector. The temperature 

program began with an isothermal period at 40 °C for 1 min, followed by a temperature 

increase to 170 °C at a rate of 20 °C per min. The concentrations of γ-hexachlorocyclohexane 

were quantified using a gas chromatograph 7890 (Agilent Technologies, USA) equipped with 

a ZB-5 30 m×0.25 mm×0.25 μm capillary column (Phenomenex, USA) and connected with a 

mass spectrometer Agilent 5975C (Agilent Technologies, USA). The temperature program 

began with an isothermal period at 40 °C for 1 min, followed by a temperature increase to 

250 °C at a rate of 20 °C per min, this temperature was held for 2 min.  

The limit of detection was calculated from the calibration curve obtained as a dependence of 

biosensor response on concentration of analyte determined by a gas chromatograph (GC). The 

linear calibration data were fitted using Origin 6.1 (OriginLab, USA). The limit of detection 

was calculated as a signal three times the standard deviation of the noise related to the 

intercept of the linear function. When a non-linear calibration curve was obtained, the data 

were linearized using log-logit function transforming the non-linear curve with a single point 

of inflection into a straight line. The first step to linearizing a non-linear curve was to 

normalize the response values so that 0 < y < 1. Normalized values were calculated using Eq. 

1. 

y = (R – Rmin) / (Rmax – Rmin)                                                                                              (Eq. 1) 

The data were then linearized using the logit function (Eq. 2). 

logit(y) = ln(1 – y) / y                                                                                                         (Eq. 2) 

Values obtained for logit(y) were then plotted against log[analyte], and a linear plot was 

obtained (Mikkelsen and Cortón, 2004). 
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Recovery. Experiment was performed by using the biosensor tip based on the enzyme DhlA 

and the conjugates CNF-BSA. The tips were equilibrated in 50 mM phosphate buffer (pH 9.0) 

before the measurement. After recording the steady signal, known amount of 1,2-

dichloroethane was injected into 5 ml of 1 mM HEPES buffer (pH 9.0) and the signal was 

recorded for 1 min. The biosensor tip was washed with deionized water prior to further use. 

The biosensor responses were evaluated as described in the Experimental Section. The used 

concentrations of 1,2-dichloroethane were determined by GC as described above. Recovery 

was calculated using the Eq. 3 (Mikkelsen and Cortón, 2004). 

% Recovery = Measured concentration × 100 / Calculated concentration                        (Eq. 3) 

Recovery plot was constructed using recoveries at different concentrations of 1,2-

dichloroethane using a linear fit. 
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Supplementary Results and Discussions 
 

 

 
 

Fig. S1. Effect of immobilization on the haloalkane dehalogenase LinB activity: cross-linking 

with glutaraldehyde (1), cross-linking with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(2), cross-linking of enzyme aggregates with dextran polyaldehyde (3), entrapment of cross-

linked enzyme aggregates into polyvinyl alcohol (4). The activity was measured with 

1,2-dibromoethane (1.6 g·l
-1

) at 37 °C after immobilization and after 24 hours of exposure to 

100 mM glycine buffer, pH 8.6. The activity of 100 % corresponds to 38.6 nmol·s
-1

·mg
-1

 of 

lyophilized enzyme. The standard errors were calculated from three independent 

measurements. 

 

 
 

Fig. S2. Signal stability of the biosensor and reference discs composed of co-immobilized 

haloalkane dehalogenase LinB and CNF-BSA and of BSA and CNF-BSA, respectively. 

Stability was determined in 1 mM HEPES buffer (pH 9.0) at 23 °C. 
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Fig. S3. Effect of light intensity of measuring light on the biosensor response 

to 1,2-dibromoethane (38 mg·l
-1

). Measurements were performed in 1 mM HEPES buffer (pH 

9.0) at 23 °C. The standard errors were calculated from four independent measurements. 

 

 
 

Fig. S4. Effect of repetitive use on the biosensor response to 1,2-dibromoethane (380 mg·l
-1

). 

Measurements were performed in 1 mM HEPES buffer (pH 9.0) at 23 °C. The standard errors 

were calculated from four independent measurements. 
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Fig. S5. Effect of repetitive injection of 1,2-dibromoethane (38 mg·l
-1

, black arrows) on the 

biosensor response. Measurement was performed in 1 mM HEPES buffer (pH 9.0) at 22 °C, 

the grey arrows depict dilution of the sample. 

 

 

 

Fig. S6. Recovery experiment in 1 mM HEPES buffer (pH 9.0) spiked with different 

concentrations of standard solution of 1,2-dichloroethane at 22 °C. 
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Tab. S1. Physico-chemical properties of the water samples taken at environmental sites in the 

Czech Republic. The numbers of sampled sites are consistent with Fig. 4. 

Sampled site 1 2 3 

pH 7.1 8.1 8.3 

Temperature (°C) 16.7 19.2 21.3 

Dissolved oxygen (mg·l
-1

) 5.7 5.9 5.9 

Water hardness Hard  Semihard  Semihard  

Buffering capacity (ΔpH·µmol
-1 

HCl) 0.1 0.2 0.2 

 

 

Tab. S2. pH of water determined in parallel with the mapping of contamination at 

environmental sites in the Czech Republic. The numbers of sampled sites are consistent with 

Fig. 5.  

Sampled site pH 

1
 
 7.3 

2
 
 7.7 

3 7.4 

4
 
 8.3 

5 7.6 

6 7.5 

 

 

Tab. S3. Comparison of 1,2-dichloroethane concentration in the environmental water samples 

from Serbia measured with biosensor and GC. Calibration curves with linear dependence of 

0-50 mg·l
-1

 and 0-90 mg·l
-1

 for biosensor and GC were used, respectively. The numbers of 

sampled sites correspond with Fig. 6.  

Sampled 

site 

pH Concentration GC (mg·l
-1

) Concentration sensor (mg·l
-1

) 

1
 a
 8.2 8767.0 > 50 

2
 a
 8.5 8519.6 > 50 

3 7.9 26.2 20.0 

4
 a
 8.1 6708.8 > 50 

5 8.7 8.0 14.2 

6 8.6 7.0 18.6 

7
 b
 8.0 162.3 16.5 

8 n.t. 0 0.7 

9 n.t. 0 8.9 

10 n.t. 0.4 5.3 

11
 b
 n.t. 265.2 18.8 

12 n.t. 0.2 1.2 

13 n.t. 0.5 0.4 

14 n.t. 0.4 4.7 

15 n.t. 0.1 6.9 

16 n.t. 1.7 4.0 

n.t. not tested; 
a
 samples diluted 100 times; 

b
 samples diluted 10 times. 


