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APPENDIX A(I)                

Calculations from Chapter 3 

Table A1. Peak potential value of peak A (Figure 3.1) 

 

Potential 

(V) 

 ̅ di di
2
 Σdi

2
 S RSD 

0.31  

0.30 

0.01 0.0001  

0.0002 

 

0.01 

 

3.33% 
0.31 0.01 0.0001 

0.30 0.0 0.0 

 

Table A2. Peak current value of peak A (Figure 3.1) 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

5.37  

5.35 

0.02 0.0004  

0.0005 

 

0.02 

 

0.37% 
5.34 -0.01 0.0001 

5.35 0.0 0.0 

 

Table A3. Peak potential value of peak B (Figure 3.1) 

 

Potential 

(V) 

 ̅ di di
2
 Σdi

2
 S RSD 

0.61  

0.60 

0.01 0.0001  

0.0002 

 

0.01 

 

1.66% 
0.59 -0.01 0.0001 

0.60 0.0 0.0 
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Table A4. Peak potential value of peak B (Figure 3.1) 

 

Potential 

(V) 

 ̅ di di
2
 Σdi

2
 S RSD 

0.92  

0.90 

0.02 0.0004  

0.0006 

 

0.02 

 

2.22% 
0.91 0.01 0.0001 

0.89 -0.01 0.0001 

 

Table A5. Peak potential value of peak C (Figure 3.1) 

 

Potential 

(V) 

 ̅ di di
2
 Σdi

2
 S RSD 

0.103  

0.102 

0.001 0.000001  

0.000009 

 

0.003 

 

2.94% 
0.104 0.002 0.000004 

0.100 -0.002 0.000004 

   

Table A6. Peak potential value of peak D (Figure 3.1) 

 

Potential 

(V) 

 ̅ di di
2
 Σdi

2
 S RSD 

0.051  

0.051 

0.0 0.0  

0.000002 

 

0.001 

 

1.96% 
0.052 0.001 0.000001 

0.050 -0.001 0.000001 
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Table A7. Peak current value of peak A (Figure 3.2A) 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

20.65  

20.67 

-0.02 0.0004  

0.0013 

 

0.03 

 

0.14% 
20.67 0.0 0.0 

20.70 0.03 0.0009 

 

 

Table A8. Peak current value of peak A (Figure 3.2B) 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

10.50  

10.45 

0.05 0.0025  

0.0042 

 

0.06 

 

0.57% 
10.41 -0.04 0.0016 

10.46 0.01 0.0001 

 

 

Table A9. Peak current value of peak A (Figure 3.4A) 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

13.01  

12.98 

0.03 0.0009  

0.0019 

 

0.04 

 

0.30% 
12.95 -0.03 0.0009 

12.99 0.01 0.0001 
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Table A10. Peak current value of peak A (Figure 3.4B) 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

12.98  

12.95 

0.03 0.0009  

0.0013 

 

0.03 

 

0.23% 
12.95 0.0 0.0 

12.93 -0.02 0.0004 

 

 

Table A11. Peak current value of peak A (Figure 3.5A) 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

15.22  

15.20 

0.02 0.0004  

0.0009 

 

0.03 

 

0.19% 
15.21 0.01 0.0001 

15.18 -0.02 0.0004 

 

 

Table A12. Peak current value of peak A (Figure 3.5B) 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

14.26  

14.28 

-0.02 0.0004  

0.0009 

 

0.03 

 

0.21% 
14.29 0.01 0.0001 

14.30 0.02 0.0004 

 



                                                                                                                                                                           

Appendix A 

  

Page | A. v 

 

Table A13. Peak potential value of peak P (Figure 3.16) 

 

Potential 

(V) 

 ̅ di di
2
 Σdi

2
 S RSD 

0.57  

0.56 

0.01 0.0001  

0.0002 

 

0.01 

 

1.78% 
0.56 0.0 0.0 

0.55 -0.01 0.0001 

 

 

Table A14. Peak current value of peak P (Figure 3.16) 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

10.84  

10.81 

0.03 0.0009  

0.0014 

 

0.03 

 

0.27% 
10.79 -0.02 0.0004 

10.80 -0.01 0.0001 

 

 

Table A15. Peak potential value of peak Q (Figure 3.16) 

 

Potential 

(V) 

 ̅ di di
2
 Σdi

2
 S RSD 

0.35  

0.35 

0.0 0.0  

0.0001 

 

0.01 

 

2.85% 
0.34 -0.01 0.0001 

0.35 0.0 0.0 
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Table A16. Peak current value of peak P (Figure 3.16) 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

2.46  

2.45 

0.01 0.0001  

0.0009 

 

0.03 

 

1.22% 
2.43 -0.02 0.0004 

2.47 0.02 0.0004 

 

 

Table A17. Peak potential value of peak a׳ (Figure 3.17) 

 

Potential 

(V) 

 ̅ di di
2
 Σdi

2
 S RSD 

0.65  

0.65 

0.0 0.0  

0.0001 

 

0.01 

 

1.53% 
0.65 0.0 0.0 

0.64 -0.01 0.0001 

 

 

Table A18. Peak potential value of peak a (Figure 3.17) 

 

Potential 

(V) 

 ̅ di di
2
 Σdi

2
 S RSD 

0.41  

0.40 

0.01 0.0001  

0.0002 

 

0.01 

 

2.50% 
0.39 -0.01 0.0001 

0.40 0.0 0.0 

 



                                                                                                                                                                           

Appendix A 

  

Page | A. vii 

 

Table A19. Calculation of app

mK  for GSH (low conc.) (para 3.4.3.2) 

 

Concentration, 

molL
-1

 

1/Concentration , 

mol
-1

L 

Current, A 1/Current, A 
-1

 Km 

0.002 500 0.0000155 64500  

0.11 

mmolL
-1

 
0.001 1000 0.0000140 71400 

0.0005 2000 0.0000132 75800 

 

                          Slope    = 7.085 A
-1

molL
-1

 

Intercept = 62300 A
-1

 

          Km = Slope/ Intercept 

               = 7.085/ 62300 

               = 0.00011 mol L 
-1 

               = 0.11 mmolL
-1 

 

Table A20. Calculation of app

mK  for GSH (high conc.) (para 3.4.3.2) 

Concentration, 

molL
-1

 

1/Concentration , 

mol
-1

L 

Current, A 1/Current, A 
-1

 Km 

0.05 250 0.0000202 49500  

1.66 

mmolL
-1

 
0.5 333.3333 0.0000179 55900 

0.075 500 0.0000155 64500 

 

Slope    =   58.8 A
-1

molL
-1

 

                      Intercept =    35400 A
-1

 

       Km  =    Slope/ Intercept 
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             =   58.8/ 35400 

             =    0.00166 mol L 
-1 

             =    1.66 mmolL
-1 

 

Table A21. Calculation of app

mK  for CDNB (low conc.) (para 3.4.3.2) 

 

Concentration, 

molL
-1

 

1/Concentration , mol
-

1
L 

Current, A 1/Current, A 
-1

 Km 

0.002 500 0.0000147 68000  

0.12 

mmolL
-1

 
0.001 1000 0.0000133 75200 

0.0005 2000 0.0000124 80600 

 

Slope    =    7.971 A
-1

molL
-1

 

                      Intercept =    65300 A
-1

 

        Km =    Slope/ Intercept 

             =    7.971/ 65300 

             =     0.00012 mol L 
-1 

             =     0.12 mmolL
-1 

 

Table A22. Calculation of app

mK  for CDNB (high conc.) (para 3.4.3.2) 

 

Concentration, 

molL
-1

 

1/Concentration , mol
-

1
L 

Current, A 1/Current, A 
-1

 Km 

0.004 250 0.0000196 51000  

1.91 

mmolL
-1

 
0.003 333.3333 0.0000172 58100 

0.002 500 0.0000147 68000 
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                        Slope    =    66.77 A
-1

molL
-1

 

                      Intercept =    34921 A
-1

 

        Km =    Slope/ Intercept 

             =    66.77/ 34921 

             =    0.00191 mol L 
-1 

             =    1.91 mmolL
-1 

 

 

Table A23. RSD calculation of app

mK  for GSH (Low conc.)  

 

Concentration, 

molL
-1

 x 10
-3

 

1/Concentration 

, mol
-1

L x 10
2
 

Current, A 

x 10 
-6

 

RSD 1/Current, A 
-

1 

x 10
4
 

RSD 

 

2 

 

5.0 

15.5  

0.64% 

6.45 

0.62% 15.6 6.41 

15.4 6.49 

 

1 

 

10 

14.0  

0.71% 

7.14 

0.42% 14.1 7.09 

14.1 7.09 

 

0.5 

 

20 

13.0  

0.15% 

7.69 

1.45% 13.4 7.46 

13.2 7.57 

 

 

 



                                                                                                                                                                           

Appendix A 

  

Page | A. x 

 

Table A23.1. 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

15.5  

15.5 

0.0 0.0  

0.02 

 

0.1 

 

0.64% 
15.6 0.1 0.01 

15.4 -0.1 0.01 

 

 

Table A23.2. 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

14.0  

14.0 

0.0 0.00  

0.02 

 

0.1 

 

0.71% 
14.1 0.1 0.01 

14.1 0.1 0.01 

 

 

Table A23.3. 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

13.0  

13.2 

- 0.02 0.0004  

0.0008 

 

0.02 

 

0.15% 
13.4 0.02 0.0004 

13.2 0.0 0.0 
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Figure A1. 

R
2
= 0.999.   Sensitivity = Slope = 0.001    A/ M   =  1 mA / M 

 

Table A23.4. 

 

1/Current, 

A 
-1

x 10
4 

 ̅ di di
2
 Σdi

2
 S RSD 

6.45  

6.45 

0.0 0.0  

0.0032 

 

0.04 

 

0.62% 
6.41 - 0.04 0.0016 

6.49 0.04 0.0016 

 

Table A23.5 

 

1/Current, 

A 
-1

x 10
4 

 ̅ di di
2
 Σdi

2
 S RSD 

7.14  

7.10 

0.04 0.0016  

0.0018 

 

0.03 

 

0.42% 
7.09 -0.01 0.0001 

7.09 -0.01 0.0001 
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Table A23.6 

 

1/Current, 

A 
-1

x 10
4 

 ̅ di di
2
 Σdi

2
 S RSD 

7.69  

7.57 

0.12 0.0144  

0.0265 

 

0.11 

 

1.45% 
7.46 0.11 0.0121 

7.57 0.0 0.0 

 

 

Figure A2. 

R
2
= 0.902; Slope/intercept = 7.085/62300   = 0.11 mmolL

-1 

 

Table A24. RSD calculation of app

mK  for GSH (high conc.) 

Concentration, 

molL
-1

 x 10
-3

 

1/Concentration 

, mol
-1

L x 10
2
 

Current, A 

x 10 
-6

 

RSD 1/Current, A 
-1 

x 10
4
 

RSD 

 

4 

 

2.5 

20.1  

0.49% 

4.97 

0.40% 

20.3 4.92 
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20.2 4.95 

 

3 

 

3.3 

17.8  

0.39% 

5.61 

0.17% 17.9 5.58 

17.9 5.58 

 

2 

 

5.0 

15.5  

0.64% 

6.45 

0.62% 15.6 6.41 

15.4 6.49 

 

 

Table A24.1. 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

20.1  

20.2 

-0.1 0.01  

0.02 

 

0.1 

 

0.49% 
20.3 0.1 0.01 

20.2 0.0 0.0 

 

Table A24.2. 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

17.8  

17.9 

-0.1 0.01  

0.01 

 

0.07 

 

0.39% 
17.9 0.0 0.0 

17.9 0.0 0.0 
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Table 24.3. 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

15.5  

15.5 

0.0 0.0  

0.02 

 

0.1 

 

0.64% 
15.6 0.1 0.01 

15.4 -0.1 0.01 

 

 

Figure A3. 

R
2
= 0.999,   Sensitivity = Slope = 0.002    A/ M   = 2 mA / M 

 

Table 24.4. 

 

1/Current, 

A 
-1

x 10
4 

 ̅ di di
2
 Σdi

2
 S RSD 

4.97  

4.94 

0.03 0.0009  

0.0014 

 

0.02 

 

0.40% 
4.92 -0.02 0.0004 

4.95 0.01 0.0001 
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Table 24.5. 

 

1/Current, 

A 
-1

x 10
4 

 ̅ di di
2
 Σdi

2
 S RSD 

5.61  

5.59 

0.02 0.0004  

0.0006 

 

0.01 

 

0.17% 
5.58 -0.01 0.0001 

5.58 -0.01 0.0001 

 

Table 24.6. 

 

1/Current, 

A 
-1

x 10
4 

 ̅ di di
2
 Σdi

2
 S RSD 

6.45  

6.45 

0.0 0.0  

0.0032 

 

0.04 

 

0.62% 
6.41 - 0.04 0.0016 

6.49 0.04 0.0016 

 

 

 

Figure A4. 



                                                                                                                                                                           

Appendix A 

  

Page | A. xvi 

 

R
2
= 0.988; Slope/intercept = 58.8/35400  = 1.66 mmolL

-1 

 

Table A25. RSD calculation of app

mK  for CDNB (Low conc) 

Concentration, 

molL
-1

 x 10
-3

 

1/Concentration 

, mol
-1

L x 10
2
 

Current, A 

x 10 
-6

 

RSD 1/Current, A 
-

1 

x 10
4
 

RSD 

 

2 

 

5.0 

14.9  

0.68% 

6.71 

1.03% 14.6 6.84 

14.6 6.84 

 

1 

 

10 

13.2  

0.75% 

7.57 

1.33% 13.5 7.40 

13.2 7.57 

 

0.5 

 

20 

12.5  

0.80% 

8.00 

0.74% 12.3 8.13 

12.4 8.06 

 

Table A25.1. 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

14.9  

14.7 

0.2 0.004  

0.024 

 

0.1 

 

0.68% 
14.6 -0.1 0.01 

14.6 -0.1 0.01 
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Table A25.2. 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

13.2  

13.3 

-0.1 0.01  

0.06 

 

0.1 

 

0.75% 
13.5 0.2 0.04 

13.2 -0.1 0.01 

 

Table A25.3. 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

12.5  

12.4 

0.1 0.01  

0.02 

 

0.1 

 

0.80% 
12.3 -0.1 0.01 

12.4 0.0 0.0 

 

 

Figure A5. 

R
2
= 0.995,    Sensitivity = Slope = 0.001    A/ M   =  1 mA / M 
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Table A25.4. 

 

1/Current, 

A 
-1

x 10
4 

 ̅ di di
2
 Σdi

2
 S RSD 

6.71  

6.79 

 

-0.08 0.0064  

0.0114 

 

0.07 

 

1.03% 
6.84 0.05 0.0025 

6.84 0.05 0.0025 

 

 

Table A25.5. 

 

1/Current, 

A 
-1

x 10
4 

 ̅ di di
2
 Σdi

2
 S RSD 

7.57  

7.51 

0.06 0.0036  

0.0193 

 

0.09 

 

1.33% 
7.40 0.11 0.0121 

7.57 0.06 0.0036 

 

 

Table A25.6. 

 

1/Current, 

A 
-1

x 10
4 

 ̅ di di
2
 Σdi

2
 S RSD 

8.00  

8.06 

-0.06 0.0036  

0.0085 

 

0.06 

 

0.74% 
8.13 0.07 0.0049 

8.06 0.0 0.0 
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Figure A6. 

R
2
= 0.927; Slope/intercept = 7.971/65300   = 0.12 mmolL

-1 

 

Table A26. RSD calculation of app

mK  for CDNB (high conc) 

Concentration, 

molL
-1

 x 10
-3

 

1/Concentration , 

mol
-1

L x 10
2
 

Current, 

A 

x 10 
-6

 

RSD 1/Current, A 
-1 

x 10
4
 

RSD 

 

4 

 

2.5 

19.5  

0.51% 

5.12 

0.39% 19.6 5.10 

19.7 5.07 

 

3 

 

3.3 

17.4  

0.58% 

5.74 

0.86% 17.1 5.84 

17.3 5.78 

 

2 

 

5.0 

14.9  

0.68% 

6.71 

1.03% 14.6 6.84 

14.6 6.84 
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Table A26.1. 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

19.5  

19.6 

-0.1 0.01  

0.02 

 

0.1 

 

0.51% 
19.6 0.0 0.0 

19.7 0.1 0.01 

 

Table A26.2. 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

17.4  

17.2 

0.2 0.04  

0.06 

 

0.1 

 

0.58% 
17.1 -0.1 0.01 

17.3 0.1 0.01 

 

Table A26.3. 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

14.9  

14.7 

0.2 0.004  

0.024 

 

0.1 

 

0.68% 
14.6 -0.1 0.01 

14.6 -0.1 0.01 
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Figure A7. 

R
2
= 0.999,   Sensitivity = Slope = 0.002    A/ M   = 2 mA / M 

Table A26.4. 

 

1/Current, 

A 
-1

x 10
4 

 ̅ di di
2
 Σdi

2
 S RSD 

5.12  

5.10 

0.02 0.0004  

0.0013 

 

0.02 

 

0.39% 
5.10 0.0 0.0 

5.07 -0.03 0.0009 

 

Table A26.5. 

 

1/Current, 

A 
-1

x 10
4 

 ̅ di di
2
 Σdi

2
 S RSD 

5.74  

5.78 

-0.04 0.0016  

0.0052 

 

0.05 

 

0.86% 
5.84 0.06 0.0036 

5.78 0.0 0.0 
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Table A26.6. 

 

1/Current, 

A 
-1

x 10
4 

 ̅ di di
2
 Σdi

2
 S RSD 

6.71  

6.79 

 

-0.08 0.0064  

0.0114 

 

0.07 

 

1.03% 
6.84 0.05 0.0025 

6.84 0.05 0.0025 

 

 

Figure A8. 

 

R
2
= 0.990; Slope/intercept = 66.77/34921   = 1.91 mmolL

-1 

 

Table A27. RSD calculation for method validation study (para 3.4.4.2) 

Recovery 

(%) 

 ̅ di di
2
 Σdi

2
 S RSD 

95.16  

96.05 

-0.89 0.79  

2.32 

 

1.52 

 

1.58% 
95.74 -0.31 0.09 

97.25 1.2 1.44 
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APPENDIX A(II)                

 

Calculations from chapter 4: 

 

Table A28. Peak potential value of peak A (Figure 4.2) 

Potential 

(V) 

    ̅    di   di
2
  Σdi

2
     S    RSD 

0.31  

0.30 

 0.01 0.0001  

0.0001 

 

0.01 

 

3.33% 
0.30   0.0 0.0 

0.30   0.0 0.0 

 

Table A29. Peak potential value of peak B (Figure 4.2) 

Potential 

(V) 

    ̅    di   di
2
  Σdi

2
     S    RSD 

0.60  

0.60 

 0.0 0.0  

0.0001 

 

0.01 

 

1.66% 
0.61   0.01 0.0001 

0.60   0.0 0.01 

 

Table A30. Peak potential value of peak C (Figure 4.2) 

Potential 

(V) 

    ̅    di   di
2
  Σdi

2
     S    RSD 

0.054  

0.054 

 0.0 0.0  

0.000002 

 

0.0014 

 

2.59% 
0.053  -0.001 0.000001 

0.055   0.001 0.000001 



                                                                                                                                                                           

Appendix A 

  

Page | A. xxiv 

 

Table A31. Peak potential value of peak D (Figure 4.2) 

 

Potential 

(V) 

    ̅    di   di
2
  Σdi

2
     S    RSD 

0.100  

0.100 

 0.0 0.0  

0.000001 

 

0.001 

 

1.0% 
0.101  0.001 0.000001 

0.100 0.0 0.0 

 

 

Table A32. Method validation study for Fenobucarb (para 4.4.6) 

 

Recovery 

(%) 

 ̅ di di
2
 Σdi

2
 S RSD 

95.5  

97.1 

1.6 2.56  

7.22 

 

2.68 

 

2.76% 
99.2 2.1 4.41 

96.6 0.5 0.25 

 

Table A33. Method validation study for Temephos (para 4.4.6) 

 

Recovery 

(%) 

 ̅ di di
2
 Σdi

2
 S RSD 

91.3  

90.1 

1.2 1.44  

2.89 

 

1.7 

 

1.88% 
88.9 -1.2 1.44 

90.2 0.1 0.01 
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Table A34. Method validation study for Dimethoate (para 4.4.6) 

Recovery 

(%) 

 ̅ di di
2
 Σdi

2
 S RSD 

80.5  

83.6 

-3.1 9.61  

16.22 

 

4.02 

 

4.80% 
84.2 0.6 0.36 

86.1 2.5 6.25 

 

APPENDIX A(III)  

Calculations from chapter 5 

 

Table A35. Peak potential value of peak A (Figure 5.5) 

Potential 

(V) 

    ̅    di   di
2
  Σdi

2
     S    RSD 

0.30  

0.30 

 0.0 0.0  

0.0001 

 

0.01 

 

3.33% 
0.31   0.01 0.0001 

0.30   0.0 0.0 

 

Table A36. Peak potential value of peak B (Figure 5.5) 

Potential 

(V) 

    ̅    di   di
2
  Σdi

2
     S    RSD 

0.60  

0.60 

 0.0 0.0  

0.0002 

 

0.01 

 

1.66% 
0.61   0.01 0.0001 

0.59  -0.01 0.0001 
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Table A37. Peak potential value of peak C (Figure 5.5) 

Potential 

(V) 

    ̅    di   di
2
  Σdi

2
     S    RSD 

0.051  

0.052 

- 0.001 0.000001  

0.000005 

 

0.002 

 

3.84% 
0.052    0.0 0.0 

0.054   0.002 0.000004 

 

Table A38. Peak potential value of peak D (Figure 5.5) 

Potential 

(V) 

    ̅    di   di
2
  Σdi

2
     S    RSD 

0.101  

0.10 

 0.0 0.0  

0.0001 

 

0.01 

 

1.0% 
0.102  0.0 0.0 

0.099 -0.01 0.0001 

 

Calculation of saturated substrate concentration, apparent Michaelis-Menten constant 

and substrate specificity (para 5.4.5.1) 

     

Figure A9. UV-Visible spectroscopic study of both GST catalyzed and uncatalyzed 

reaction of GSH (2 mmol) and CDNB (2mmol) prepared in P.B and methanol (50%). 
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Table A39. Calculations for GSH: 

[S] Current 

0.05 5.25 

0.5 11.18 

0.75 13.69 

1 14.19 

2 14.73 

3 14.95 

4 15.05 

 

Rate (R) = Saturated substrate concentration / maximum current  = 4 mmol/15.05 μA= 

0.26 mmolμA
-1

 =R 

V =dx/dt = (R x current corresponding to each point)/time (sec) 

V = (0.26 mmolμA
-1  

x 5.25 μA)/20 sec = 0.068 mmolsec
-1 

(0.26 x 11.18)/20 = 0.145 

(0.26 x 13.69) / 20 = 0.177 

(0.26 x 14.19)/ 20 = 0.184 

(0.26 x 14.73) /20 = 0.191 

(0.26 x 14.95)/20 = 0.194 

(0.26 x 15.05)/ 20 = 0.195 

Table A40. 

[S] V 

0.05 0.068 

0.5 0.145 

0.75 0.177 

1 0.184 

2 0.191 

3 0.194 

4 0.195 
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Figure A10. 

 

 

Table A41. For Lineweaver-Burk Plot: 

[ 

Conc. 

mmol 

V 

mmol/sec 

1/Conc. 1/V Arranging the values in 

ascending order 

0.05 0.068 20 14.70588 1.33333 5.649718 

0.5 0.145 2 6.896552 2 6.896552 

0.75 0.177 1.33333 5.649718 20 14.70588 

 

 

 

Figure A11. 
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Km = 0.461/5.495=0.0838 

Vmax = 0.0838/0.461 = 0.1817 mmol/s 

 

 

           [ET] = (ΔA x 3 x t') /9.6 x t x 10
3                                                            

t' =5min = 300sec 

         = (0.5 x 3 x 300 ) /9.6x 1200x 10
3
                                 t = 20 min = 1200sec 

                  = 450/ 11520000 =  0.000039 mmol 

 

Determination of Kcat : 

                                 Kcat= Vmax /[ET] 

=0.1817 mmols
-1

/0.000039 mmol = 4658.97 s
-1 

Kcat/Km = 4658.97/0.1817 = 25641.00 

 

*(9.6=Millimolar extinction coefficient of Glutathione-1-Chloro-2,4-Dinitrobenzene 

conjugate at 340 nm 

3.0 = Total volume (in mL) of assay 

 

Table A42. Calculations for CDNB: 

 

[S] Current 

0.05 3.4 

0.5 9.51 

0.75 13.46 

1 14.7 

2 18.02 

3 20.15 

4 21.21 
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Saturated substrate concentration / max current = 4 mmol/21.21 μA= 0.18 mmolμA
-1

 =R 

V =dx/dt = (R x current corresponding to each point)/time(sec) 

V = (0.18 mmolμA
-1  

x 3.5 μA)/20 sec = 0.0315 mmolsec
-1 

(0.18 x 9.51)/20 = 0.0855 

(0.18 x 13.46)/20 = 0.1211 

(0.18 x 14.7)/ 20= 0.1323 

(0.18x 18.02)/ 20 =0.1621 

(0.18 x 20.15)/ 20= 0.1813 

(0.18x 21.21)/20= 0.1908 

 

Table A43. 

 

[S] V 

0.05 0.0315 

0.5 0.0855 

0.75 0.1211 

1 0.1323 

2 0.1621 

3 0.1813 

4 0.1908 

 

 

Figure A12. 
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Table A44. For Lineweaver-Burk Plot: 

 

Conc. 

mmol 

V 

mmol/sec 

1/Conc. 1/V Arranging the values in 

ascending order 

0.05 0.0315 20 31.746 1.33333 8.25764 

0.5 0.0855 2 11.6959 2 11.6959 

0.75 0.1211 1.33333 8.25764 20 31.746 

 

 

 

 
 

Figure A13. 

 

Km = 1.191/7.967 = 0.1494 

Vmax = 0.0838/0.461 = 0.1254 mmol/s 

 

 

[ET] = (ΔA x 3 x t') /9.6 x tx 10
3                                       

t' =5 min=300 sec 

        = (0.5 x 3 x 300) /9.6x 1200x 10
3
                 t = 20 min = 1200 sec 

        = (450/11520000) mmol 

        = 0.000039 

 

y = 1.1913x + 7.9672 
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       Kcat = Vmax / [ET] 

              = 0.1254 mmols
-1

/0.000039 mmol = 3215.38 s
-1 

Kcat/Km = 21521.95 

 

Table A45. Precision measurement, interassay (para 5.4.5.6) 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

27.7  

 

28.4 

-0.6 0.36  

 

2.67 

 

 

1.63 

 

 

5.73% 

28.3 -0.1 0.01 

27.8 -0.6 0.36 

29.5 1.1 1.21 

29.2 0.8 0.64 

28.1 -0.3 0.09 

 

Table A46. Precision measurement, intra state (para 5.4.5.6) 

 

Current, 

Ax 10 
-6

 

 ̅ di di
2
 Σdi

2
 S RSD 

28.4  

 

 

28.3 

0.1 0.01  

 

 

0.04 

 

 

 

0.2 

 

 

 

0.70% 

28.4 0.1 0.01 

28.4 0.1 0.01 

28.3 0.0 0.0 

28.3 0.0 0.0 
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28.3 0.0 0.0 

28.3 0.0 0.0 

28.2 -0.1 0.01 

 

APPENDIX A(IV)                

 

Calculations from Chapter 6: 

 

Calculation of Km and Vmax for GSH-CDNB-GST (without inhibitor): 

 

 

Figure A14. 

 

 

Km = slope/intercept= 0.071/0.876 = 0.08 

Vmax= Km/slope = 0.08/0.071 =1.14 

 

Ki calculation for Fenobucarb: 

Km 60ppb= 0.219/0.875 = 0.2502                 Vmax = 0.2502/0.219 = 1.14 

Km 50ppb= 0.135/0.872 = 0.1548                 Vmax = 0.1548/0.135= 1.14 

Km 40ppb = 0.083/0.875= 0.0948                 Vmax = 0.0948/0.083= 1.14 

 

y = 0.0714x + 0.8769 

0
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1
/μ
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Figure A 15. 

 

Km (inhibitor) / Km (without inhibitor) vs [I] = Slope = 1/Ki 

Km (without inhibitor) = 0.08 

K60 ppb/Km = 0.2502/0.08 = 3.12 

K50 ppb/Km = 0.1548/0.08 = 1.93 

K40ppb/Km = 0.0948/ 0.08= 1.18 

Table A47. 

 

Concentration of fenobucarb Km value for each concentration 

60 ppb 3.12 

50 ppb 1.93 

40 ppb 1.18 
 

 

Figure A16 

y = 0.2192x + 0.8756 
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Slope = 1/Ki = 0.097 

Therefore, Ki = 1/0.097 = 10.30 

 

Ki calculation for DDT:  

Km 150 ppb = 0.289/0.871 = 0.3318 

 

Vmax 150 ppb = 0.3318/0.289 = 1.1481 

         Km 120 ppb = 0.202/0.870 = 0.2321 

 

Vmax 120 ppb = 0.2321/0.202 = 1.1494 

         Km 100 ppb = 0.123/0.87 = 0.1413 

 

Vmax 100 ppb = 0.1413/0.123= 1.1494 

 

 

 

Figure A17. 

 

K
//
m (inhibitor) / Km (without inhibitor) vs [I] = Slope = 1/Ki 

Km (without inhibitor) = 0.08 

  Km 150 ppb/Km = 0.3318/0.08 = 4.1475 

Km 120 ppb/Km = 0.2321/0.08= 2.9012 

Km 100 ppb/Km = 0.1413/0.08= 1.7662 

 

y = 0.1234x + 0.87 
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Table A48. 

Concentration of DDT Km value for each concentration 

150 ppb 4.1475 

120 ppb 2.9012 

100 ppb 1.7662 

 

 

 

Figure A18. 

 

Slope = 1/Ki = 0.047 

Therefore, Ki = 1/0.047 = 21.27 

 

Ki calculation for Cypermethrin: 

Km 60 ppb = 0.246/0.874 = 0.2814 

 

Vmax 60 ppb = 0.2814/0.246= 1.14 

         Km 50 ppb = 0.139/0.871 = 0.1595 

 

Vmax 50 ppb = 0.1595/0.139 = 1.14 

         Km 40 ppb = 0.057/0.87 = 0.0655 

 

Vmax 40 ppb = 0.0655/0.057 = 1.14 
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Figure A19. 

 

K
//
m (inhibitor) / Km (without inhibitor) vs [I] = Slope = 1/Ki 

Km (without inhibitor) = 0.08 

  Km 60 ppb/Km = 0.2814/0.08 = 3.5175 

Km 120 ppb/Km = 0.1595/0.08 = 1.9937 

Km 100 ppb/Km = 0.0655/0.08 = 0.8187 

 

 

Figure A20. 
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Slope = 1/Ki = 0.134 

Therefore, Ki = 1/0.134 = 7.46 

 

Ki calculation for Temephos: 

Km 60 ppb= 0.104/ 1.278 = 0.0813            Vmax= 0.0813/0.104= 0.7817 

  Km 50ppb = 0.090/1.094 = 0.0822             Vmax = 0.0822/0.090 = 0.9133 

Km 40 ppb= 0.077/0.948 = 0.0812             Vmax = 0.0812/0.077 = 1.054 

 

 

Figure A21. 

Table A49. 

Concentration of temephos 1/ Vmax value for each concentration 

60 ppb 1.278 

50 ppb 1.094 

40 ppb 0.948 
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Figure A22. 

 

Ki = 1/(slope x Vmax) = 1/(0.016 x 1.14) = 54.82 

[ Vmax (without inhibitor) = 1.14] 

Ki calculation forEthion: 

Km 200 ppb = 0.274/3.246= 0.08 

 

Vmax 200 ppb= 0.08/0.274 = 0.3080  

         Km 150 ppb = 0.195/2.284 = 0.08 

 

Vmax 150 ppb = 0.08/0.195 = 0.4102 

         Km 100 ppb =0.127 /1.569 = 0.08 

 

Vmax 100 ppb = 0.08/0.127 = 0.6299  

          

 

  
 

     

 

Figure A23. 
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Table A50. 

Concentration of ethion 1/ Vmax value for each concentration 

200 ppb                               3.2467 

150 ppb 2.4378 

100 ppb 1.5875 

 

 

 

Figure A24. 

 

Ki = 1/(slope x Vmax) = 1/(0.016 x 1.14) = 54.82 

[ Vmax (without inhibitor) = 1.14] 

 

Ki calculation for chlorpyrifos: 

Km 200 ppb = 0.065/0.763 = 0.0851 

 

Vmax 200 ppb = 0.0851/0.065 = 1.3106 

         Km 150 ppb = 0.049/0.569 = 0.0861 

 

Vmax 150 ppb = 0.0861/0.049 = 1.7571 

         Km 100 ppb = 0.030/0.364 = 0.0824 

 

Vmax 100 ppb = 0.0824/0.030 = 2.7466 
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Figure A25. 

 

Table A51. 

Concentration of chlorpyrifos 1/ Vmax value for each concentration 

200 ppb                               0.763 

150 ppb 0.569 

100 ppb 0.364 

 

 

Figure A26. 

 

Ki = 1/(slope x Vmax) = 1/(0.004 x 1.14) = 219.29 

[ Vmax (without inhibitor) = 1.14] 
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Ki calculation for Dimethoate: 

      Km 60ppb = 0.139/0.231= 0.6017                     Vmax 60 ppb= 0.6017/0.139 = 4.32 

      Km 50ppb= 0.1/0.42 = 0.2380                           Vmax 50 ppb = 0.2380/0.1 = 2.38 

Km 40ppb = 0.071/0.564 = 0.1258                     Vmax 40 ppb = 0.1258/0.071 = 1.77 

 

 

 

Figure A27. 

 

 

Ki calculation for Dinocap: 

Km 100ppb = 0.345/0.177 = 1.9491 

 

Vmax 100ppb = 1.949/0.345 = 5.649 

         Km 150 ppb = 0.271/0.372 = 0.728 

 

Vmax 150 ppb = 0.728/0.271 = 2.686 

         Km 200 ppb = 0.208/0.484 = 0.4297 

 

Vmax 200 ppb = 0.429/0.208 = 2.062 
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Figure A28. 

 

Ki calculation for carbendazim: 

Km 50 ppb = 0.455/0.645 = 0.7054 

 

Vmax 50 ppb = 0.7054/0.455 = 1.5503 

         Km 40 ppb = 0.236/0.991 = 0.2381 

 

Vmax 40 ppb = 0.2381/0.236 = 1.008 

         Km 30 ppb = 0.100/1.159 = 0.0862 

 

Vmax 30 ppb = 0.0862/0.100 = 0.862 

          

 

 

Figure A29. 
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APPENDIX A(V) 

Table for Chapter 7: 

Table A52: List of agricultural commodities to which the present method can be applied 

for the risk management of the selected pesticides. 

Pesticide  LOD  

(ppb) 

LOD 

(mg/kg) 

MRL/ERL 

(mg/kg) 

Application to 

different food 

commodities 

Regulation as 

per EU 

database 

DDT 40 0.04 0.05 

(ERL) 

Applicable to all Reg.( EC ) 

No 149/2008  

 

Dinocap 50 0.05 0.02- 0.1 Teas, coffee beans, 

cereals, oilseeds, 

pulses, spices 

Reg.(EU) No 

1127/2014 

 

 

Ethion 100 0.1 0.01-5  Teas, Spices(seeds, 

fruits, roots) 

Reg.(Eu) No 

310/2011 

Chlorpyrifos 60 0.06 0.01-5  Citrus fruits, 

bananas, onions, 

teas, spices (seeds, 

fruits) 

Reg. (EU) 

2018/686 

Carbendazim 2 0.002 0.1-2  Applicable to all  Reg. (EU) 

No 559/2011 

Cypermethrin 2 0.002 0.05-3 Applicable to all Reg. (EU) 

No 396/2005 
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A B S T R A C T

This article describes application of normal mediatorless cyclic voltammetry and UV-visible spectroscopy
to study the Glutathione S-tranferase (GST) catalyzed reaction of reduced glutathione(GSH) with 1-
chloro-2,4-dinitrobenzene(CDNB) in two solvents methanol and ethanol, and influence of pyrethroid
cypermethrin on it. The course of the reaction between CDNB and GSH in presence of GST differs in the
two solvents, viz., methanol and ethanol. Unlike the case when ethanol was used as the solvent, in
methanol GSH got transformed to an electro active state under the influence of electrode polarization.
This electro active intermediate undergoes oxidation at 0.3 V, sufficiently stable (more than two hours)
and reacts with CDNB to form UV active but electro inactive final product. The same electro active
intermediate is also formed by non-electrochemical process in presence of CDNB in methanol and the
formation is catalyzed by GST. The said reaction is quantitatively affected by cypemethrin. A 25 ppb
cypermethrin solution can suppress completely the cyclic voltammetric peak as well as the UVpeak
obtained from a 1:1 millimolar mixture of GSH and CDNB in presence of 20 mL (0.02 mg) of GST. Based on
this, an electrochemical method for quantification of cypermethrin has been proposed that can detect
cypermethrin down to 2 ppb.The work has opened up new possibilities for electrochemical study of
detoxification processes carried out by GSH.

ã 2016 Published by Elsevier Ltd.

1. Introduction

Glutathione S-transferases (GSTs; EC 2.5.1.18) are a multigenic
family of cytosolic proteins with multifunctional biological roles,
widely distributed throughout the body and found in the liver,
kidney, brain, pancreas, testis, heart, lung, small intestine, skeletal
muscles, prostate and spleen [1]. The important biological function
of GSTs is their catalytic action in detoxification reaction [2]. Over
expressions of GST during phase II metabolism or the drug
resistance associated with anticancer therapies of human [3,4] and
the resistance acquired by certain insects while getting exposed to
pesticides [5–7] are the consequence of the detoxification
mechanism involving GST. GSTcatalyzes the formation of thioether
conjugates between the endogenous tripeptide glutathione (GSH)
and xenobiotic compounds, the major detoxification pathway in

insects and human. This detoxification process sometimes creates
problem when a drug is considered as a toxicant by our biological
system. Overexpression is resulted in which the excessive increase
of the GST level is seen. This is observed most of the time during
cancer treatment. A primary cause of cancer treatment failure is an
acquired or intrinsic resistance to anticancer therapies. Chemo-
therapeutic �resistant tumor cell lines have been shown to
overexpress GST isozymes. This overexpression leads to an
accelerated detoxification of drug substrates and thus an acquired
resistance [1]. Based on this, the specific variety of Glutathione S-
transferase, GST-P, is used as a marker protein during treatment of
many cancers (ovarian, breast, liver, pancreas, colon, lymphomas
and non-small cell lung) and high levels are linked to drug
resistance even when the selected drug is not a substrate [4].

In insects increased levels of GSTs are observed when they are
exposed to organochlorine, organophosphate and pyretrhoid
pesticides [5–8]. Thus in-vitro study of the GST catalyzed
reaction is important not only for development of protocols for
quantification of those pesticides but also to understand the
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molecular basis of insecticide resistance that could be an
important step in developing strategies to mitigate the resistance
problem.

The most commonly applied substrate for in-vitro study of the
GST catalyzed detoxification reaction of GSH is CDNB. Both
spectrophotometric [9] and electrochemical methods have been
applied for kinetic and mechanistic study of the reaction and also
to quantify pesticides [10]. Compared to the spectroscopic
methods, applications of electrochemical methods are not much
in literature. Among the electrochemical methods two are
commonly applied for the purpose. The first type involves the
use of special techniques such as differential pulse voltammetry
(DPV) [11] and the second type is the mediator based cyclic
voltammetry [12]. To our knowledge, common electrochemical
technique like the cyclic voltammetry (CV) technique has not been
applied for the purpose perhaps because of the poor sensitivity
that might be due to poor solubility of CDNB in phosphate buffer.
GSH is soluble in phosphate buffer but CDNB is sparingly soluble in
phosphate buffer. So, for a better study the GSH-CDNB reaction, an
organic solvent is required. The commonly used solvent is dilute
ethanol(5%). But in ethanol the intensity of the signal is found to be
poor due to which special technique such as DPV or mediator
based techniques have been applied to study the reaction.
However such special techniques, though able to improve the
signal intensity to some extent, can’t help in the study of the
mechanism of the reaction as well as the influence of other
reactants on it, due to the transient nature of the signal. Thus
proper study of the influence of external reagents, particularly the
pesticides, to that reaction still remaining difficult. Therefore we
aim to find out alternate suitable solvents for the said reaction. As
a first choice we have chosen methanol for the purpose. It has
been shown in the work that though methanol is very sensitive to
electro oxidation at platinum electrode, yet it does not affect the
main course reaction i.e., the GST catalyzed reaction between GSH
and CDNB. The electro active complex formed between GSH
and CDNB was found to be stable for hours. Next, we aimed to
study the interaction of cypermethrin, an extensively used
pyrethroid class of pesticide, to the reaction. Cypermethrin in
different formulations are widely used in agricultural and
household pest control in different countries worldwide. Though
the toxicity is relatively low in mammals, it is highly toxic for
aquatic organism and honey bees [13]. A minimal concentration of
pyrethroids [0.25–1.5 mg/kg bw/day] for cypermethrin may affect
immune system and central nervous system resulting in cancer
and other associated disorders [14]. It has been reported in
literature that many insects have the capability to develop
tolerance to the pyrethroid pesticides [5]. Therefore we have
chosen typical pyrethroid pesticide cypermethrin to study the
influence of it on the GST catalyzed detoxification reaction of
GSH.

2. Experimental

2.1. Materials and reagents

GST (from equine liver), CDNB, GSH and cypermethrin
(analytical standard) were purchased from Sigma–Aldrich. Phos-
phate buffer (PB) of 0.1 M (pH 6.5) was prepared by mixing KH2PO4

and K2HPO4 procured from Merck-Germany. The GST solution was
prepared in PB (pH 6.5) and stored at �22 �C. GSH stock solution
was also prepared in PB (pH 6.5). CDNB solution was prepared in
50% aq. methanol so as to maintain the final percentage of
methanol 25%. Distilled methanol was diluted to 50% using ultra-
pure water from a Millipore Milli-Q system. All the solutions except
GST were prepared regularly before experiments.

2.2. Instrumentation

Electrochemical measurements were performed at 32
(�0.05) �C, using a standard electrochemical cell with three-
electrode assembly. Cyclic voltammetric experiments were carried
out on CHI 660A potentiostate (USA). The working electrode was Pt
electrode (3 mm diameter) purchased from CH Instrument. A Pt
wire was used as counter electrode and Ag/AgCl refilled with 0.1
M KCl was the reference electrode. KCl solutions were changed
before each experiment. It is to be mentioned that non-aqueous
Ag/Ag+ can also be used for the purpose but due to cost effect as
well as due to the inconvenience in preparing the refilling Ag+

solution, we have used the aqueous Ag/AgCl reference electrode. Pt
electrode was cleaned by polishing in g-Al2O3 (0.05 mm) until a
shining surface was obtained and sonicated for 5–10 minutes using
digital ultrasonic cleaner. Cleaning of all electrodes was done
before each experiment. Electrodes were then dipped in PB and
cycled from �0.1 to 0.1 V until it acquired a steady state baseline.
UV-visible spectra were recorded by using UV-2550 spectropho-
tometer, Shimadzu, Japan. Prior to electrochemical measurement
the solution mixtures were mixed thoroughly in vortex shaker and
then the measurements were made in static solution condition.
During the kinetic study using UV-visible spectrophotometer the
solutions were stirred constantly with magnetic needle. The
infrared spectra were recorded in a PerkinElmer Frontier MIR-FIR
spectrometer.

2.3. Analysis procedure

Cyclic voltammetry and UV-visible spectroscopy were used
throughout the study. The total volume of the working solution in
the electrochemical cell was 3 mL and prepared by mixing 1.5 mL of
2 millimolar GSH in PB with 1.5 mL of 2 millimolar CDNB in 50%
methanol, unless stated otherwise.

2.4. Interference study

The cross reactivity of the various components studied through
CV to check whether any interference in the main course reaction
was present.

2.5. Optimization

Saturated substrate concentration was determined through
Michaelis-Menten plot and apparent Michaelis-Menten constant
was obtained from the Lineweaver-Burk plot using equation (1).

1
i
¼ 1

imax
þ kappm

imax

1
S½ � ð1Þ

Optimum methanol percentage was evaluated. Optimum pH for
the reaction was maintained at 6.5 based on literature data [9].

2.6. Validation study

A calibration curve was obtained by evaluating the % reduction
in CV current maxima relative to a blank caused by cypermethrin of
different standard amounts when mixed to the reaction mixture in
the electrochemical cell. Cypermethrin stock solution was freshly
prepared in methanol and added to the reaction mixture with a
micropipette.

Method validation was checked by fortifying tomato samples
with known amount of cypermethrin followed by extraction and
clean up using QuEChERS [15] and finally reconstituting in
methanol and appropriate dilution (50%) before subjecting to CV
analysis.
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3. Results and discussion

3.1. Cyclic voltammetric study of GSH-CDNB reaction in methanol

In absence of GST, the CV showed moderate intensity oxidation
peakA (0.30 V, RSD 0.53%, 5.35 mA, RSD 0.22%) and the peak height
remained constant with successive CV run (Fig. 1). Another peak B
appeared with onset at 0.60 V and peak maxima at 0.90 V. One low
intensity reduction peak (C) appeared at 0.1 V (RSD 0.45%) and
disappeared after the third and successive runs. From third run
onwards a low intensity oxidation peak (D) appeared at 0.05 V (RSD
0.71%) in the reverse cycle. The peak B is attributed to methanol
oxidation (CO2 formation) [16–19]. The peak A is attributed to
oxidation of newly formed complex or intermediate. The reduction
wave C is due to adsorption of H2 at the platinum surface which
normally occurs in the potential range from �0.23 to +0.20 V [19].
The oxidation peak at 0.05 V (actually in the region from 0.05 to
0.2 V in all the CVs, peak D) that appears in the reverse cycle is
attributed to oxidation of COH produced through dissociation of
methanol (Scheme 1). Possibility of hydrogen desorption phe-
nomenon behind this peak is ruled out because, it did not show up
in the first three runs when the adsorption waves appeared in the
reverse run. And the possibility of CO oxidation is also ruled out
because of the fact that CO oxidation normally occurs from 0.41 V
onwards [18].

In presence of GST the peak A became more intense (20.67 mA,
RSD 0.56%), the peak B and D remains unchanged (Fig. 2A). The CV

behavior was partially reproducible on the next day, that is, the
peak A appears at same position, but the maximum intensity after
several CV runs remained at almost the half height (10.45 mA, RSD
0.62%, Fig. 2B) to that of the previous one (20.67 mA, RSD 0.56%,
Fig. 2A). This apparently indicates a two steps reaction with
formation of an electro active intermediate and the intermediate
formation step is partially reversible.

UV-visible spectroscopic study shows two absorptions, one at
the 220 nm (peak M, Fig. 3) and the other at 335 nm (peak N, Fig. 3).
The peak at 335 is due to the new complex formed, while that at
220 nm is due to methanol. The peak at 335 nm increases with time
which indicates gradual formation of the complex.

3.2. Interference due to cross reactivity of the components under the
applied electrochemical condition

3.2.1. Cross reactivity of MeOH and GSH
Shown in Fig. 4A is the CV of GSH and MeOH in absence of GST.

The same three peaks obtained during electro oxidation of
Scheme 1. Probable dissociation pathways for methanol in phosphate buffer
medium.

Fig. 2. Cyclic Voltammograms recorded in a 1:1 volume mixture of 2 mM GSH in PB
and 2 mM CDNB in 50% aqueous methanol and 20 mL GST (0.02 mg) at scan rate
20 mV/s. A. after 30 minutes incubation. B. in the same mixture after 24 hrs. Inset:
Fig. 2 A(h).

Fig. 1. Cyclic Voltammograms recorded in a 1:1 volume mixture of 2 mM GSH in PB
and 2 mM CDNB in 50% aqueous methanol at scan rate 20 mV/s after 30 minutes of
mixture preparation. Inset I: Fig. 1(a). Inset II: Fig. 1(i).
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GSH-CDNB-GST in methanol obtained in this case also, however
with two distinct differences. The height of peak A is much lower
than the previous case (12.98 mA in Fig. 4A as compared to
20.67 mA in Fig. 2A) and the reproducibility of the peak height
(Fig. 4B) next day was almost 100% (12.95 mA, RSD 0.33%) unlike
the previous case where it was close to50%. This infers that
methanol-GSH mixture upon electro oxidation produces interme-
diate complex that is completely reversible. In presence of enzyme
with 30 minutes incubation same CV pattern was obtained with
slight increase in peak current (15.20 mA in Fig. 5A as compared to
12.98 mA in Fig. 4A) indicating that enzyme catalyzes the reaction
with poor catalytic performance. The enzyme catalyzed reaction
on the next day was found to be reproducible again with almost
same peak intensity (15.20 mA in Fig. 5A; 14.28 mA in Fig. 5B), thus,
indicating the involvement of the same reaction path in absence
and in presence of the enzyme.

UV-visible spectra of GSH and MeOH mixture showed peak in
the UV region (220 nm, peak M) but no peak in the visible region
(Fig. 6).

To know whether the electro oxidation has any role on the
formation of UV-visible active product in the mixture of GSH,
CDNB, MeOH and PB, the CV and UV experiments were performed
in the same solution mixture in an alternate sequence. It was found
that the CV peak maximum of peak A is affected by electrochemical
disturbance when applied initially. When CV was run after
completing the UV experiment the CV peak height was nearly
double than when CV was run immediately after mixing. But the
UV peak height at 335 nm reaches the same level (slowly with
time) irrespective of whether disturbed electrochemically or not
(Figure not shown).

In ethanol, GSH electro oxidation could not be detected by
normal cyclic voltammetry (Fig. 12). In presence of CDNB and GST
an UV-visible active, yellow colored complex though formed, the
reaction mixture was found to be insensitive to electro oxidation
under normal cyclic voltammetric condition.

Plausible mechanism
The observed CV and UV behavior can be explained with the

following reaction schemes (Schemes 1 and 2). FTIR (MIR and FIR)
spectroscopic study also corroborate this mechanism (data not
shown).

In phosphate buffer (PB) solution GSH forms H-bonded
complex with H2PO4

� ion. Due to remaining in H-bonded state,
the SH group of GHS is less reactive in phosphate buffer. In
presence of methanol the situation get altered due to PB-methanol
interaction and C-O-P bond formation between PB and MeOH; H-
bonding network get removed and SH groups are set free.

It is attributed that in PB solution, methanol dissociate into COH
and CO� in much the same way it does in strongly alkaline solution
[16] (Scheme 1). The CO� thus produced interacts with GSH to
produce electro active intermediate [GSH]# (Scheme 2).

Path A can occur under electrochemical process in which GSH is
not directly affected by the electrode potential but the CO� formed
from methanol oxidation at higher potential (0.65 V) triggers the
reaction of GSH. Evidence of involvement methanol dissociation
product (CO�) in the first step of path A comes from the
observation that the peak at 0.3 V appears with very small
magnitude initially and increases with successive run. That is, the
peak height of peak A (0.3 V) is proportional to the second
oxidation at higher potential (from 0. 65 V).

Fig. 4. Cyclic Voltammograms recorded in a mixture of 2 mM GSH in PB and
methanol with final concentration 25% at scan rate 20 mV/s. A. in a fresh mixture
after 30 minutes of preparation B. in the same mixture on the next day.

Fig. 3. UV-visible spectra of a mixture of 2 mM each of GSH and CDNB in methanol
(50%) with 20 mL GST recorded immediately after preparation.
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Path B prefers to occur under non electrochemical process.
When electrochemical disturbance is applied, path A outperforms
path B. The products form through paths A1, A2, B1 and B2 can
occur to a lesser extent through purely non electrochemical
process also. This is possible because of the fact that a certain
fraction of methanol molecules remain in dissociated form
(Scheme 1) even in absence of any electrode polarization.

The peak A (at 0.30 V) is attributed to the oxidation of [GSH]#.
The oxidation peak height of this oxidation increases with
continuous CV runs up to certain time and then remains constant
for more than an hour, after which it decreases slowly. So it is
attributed that this oxidation involves a reversible process or a
cyclic process in which the reverse step is either non-electro-
chemical or controlled by the second oxidation at higher potential.
[GHS]# formation through path B is more as compared to the same
through path A. It is attributed that GST plays some role in
facilitating the interaction between GSH and CO�.

In ethanol, due to lack of PB-ethanol interaction the PB-GSH
interaction remains and as a result the SH group becomes less
sensitive to electro oxidation. However, GST catalyzed non

electrochemical reaction between GSH CDNB still occurs leading
to the UV active GS-CDNB complex.

3.2.2. Cross reactivity of MeOH with PB
In Fig. 7, curve aa0 and bb0 are the CVs of phosphate buffer

methanol mixture respectively at 50% and 25% composition at scan
rate 20 mV/s. With higher amount of methanol two oxidation
peaks were observed peak P (0.56 V, RSD 0.35% 10.81 mA, RSD
0.18%) and Q (0.35 V, RSD 0.41%, 2.45 mA, RSD 0.27%). The oxidation
peak P is attributed to oxidation of methanol (CO2 formation step).
The oxidation peak Q that shows up in the reverse cycle is due to
oxidation of CO adsorbed on Pt surface [17]. Another small
reduction peak R appeared at 0.02 V is attributed to reduction wave
due to adsorbed hydrogen. In a dilute methanol solution the lower
oxidation is not seen, the higher oxidation peak appears in a
sharper pattern and gets shifted to higher potential. This shifting is
attributed to creation of stronger diffusion barrier by the
phosphate group created near the electrode surface due to positive

Fig. 5. Cyclic Voltammograms recorded in a mixture of 2 mM GSH in PB and
methanol (50%) with 20 mL GST at scan rate 20 mV/s. A. in a fresh mixture after
30 minutes of preparation. B. in the same mixture on the next day.

Fig. 6. UV-visible spectra of 2 mM GSH in methanol.

Fig. 7. CVs at scan rate 20 mV/s of PB–MeOH mixture of composition a. 50%. b. 25%.
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electrode polarization. The low intensity reduction peak T around
0.02Vis due to charging current of H2 adsorption.

3.2.3. Cross reactivity of CDNB with MeOH
CVs of CDNB methanol mixture are shown in Fig. 8. In methanol,

two oxidation peaks were seen, one at 0.65 V in the forward scan
and another at 0.4 V in the reverse scan. These are characteristic
oxidation peaks of methanol at Pt surface [16–19]. It implies that
CDNB does not undergo any redox reaction under the applied
experimental condition.

3.2.4. Cross reactivity of GSH with PB
CV of GSH in PB is shown in Fig. 9. The reduction wave at a

potential close to 0.1 V is probably due to reduction of oxygen
adsorbed on platinum surface. A new oxidation peak of relatively
lower intensity appearing from 0.60 V onwards is probably due to
oxidation of some components in GSH. Due to poor intensity this

oxidation gets masked by the methanol oxidation peak in the same
region.

3.3. Optimization

3.3.1. Effect of GST amount
For equimolar mixture of GSH and CDNB, and for incubation

time of 30 minutes, peak current was found to vary with GST
concentrations. Peak current and hence the enzyme activity
showed almost linear increase up to 120 mL (0.12 mg). Beyond
120 mL the reaction starts to be limited by substrate concentration
(Fig. 10). Though an amount of 0.12 mg (120 mL) of GST was found
to be the maximum enzyme amount for the reaction of GSH and
CDNB in 1:1 millimolar ratio, due to the preciousness of the
enzyme, an amount of 20 mL (0.02 mg) was used in most of the
experiments wherever possible.

Fig. 8. CV of CDNB in 50% aqueous methanol.
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Scheme 2. Various reaction pathways showing 1. the GSH – PB and PB – methanol interactions (the singular path), 2. the electrochemical reaction between GSH and methanol
(path A) and 3. the non electrochemical, enzyme catalyzed reaction between GSH and CDNB in methanol (Path B). A1, A2, A3 and B1, B2, B3 are the same reactions occurring
through two different routes. B4 is the irreversible conjugation reaction between GS and CDNB that leads to the formation of the UV active product.

Fig. 9. CV of reduced glutathione (GSH) in PB.

H. Borah et al. / Electrochimica Acta 205 (2016) 198–206 203



3.3.2. Apparent Michealis-Menten constant (Kapp
m )

Effect of both GSH and CDNB concentration on the oxidation
peak current was measured. A similar pattern of concentration
dependency was observed indicating that both GSH and CDNB act
as substrates. This is in agreement with available literature [20].
Slightly lower current value was obtained in case of CDNB probably
because of partial passivation of the Ag/AgCl reference electrode.
The Michaelis–Menten plots show two different region of linear
dependency. The first region is in the low concentration range from
0.5 to 2 millimolar and the second region is from 2 to 4 millimolar.
Apparent Michealis-Menten constant obtained through the Line-
waever-Burk plots (eqn. (1)) were 0.114 mmolL�1 and
0.122 mmolL�1 at low concentration and 1.66 mmol L�1 and
1.91 mmol L�1 at high concentration respectively for GSH and
CDNB. The value of (Kapp

m ) reported in literature lies between 0.1 to
1 millimolar [21–24]. The value in the low concentration range is in
good agreement with the reported values. Obtaining of the high
value in the higher concentration range (2 to 4 millimolar) is
assigned to the increasing influence of non-enzymatic reaction
under high reactant density. Variation of CV peak current with GSH
and CDNB concentrations is shown in Fig. 11.

3.3.3. Optimum methanol composition and effect of ethanol on the
reaction

Effect of ethanol on the said reaction was studied using CV
(Fig. 12). When methanol was replaced with ethanol (25%) and
subjected to CV analysis, no new peak other than the one from 0.6 V
onwards was seen (curve e), in spite of the solution getting yellow
colored. The peak from 0.6 V onwards was the same obtained in
GSH-PB mixture. It indicates that the GSH-CDNB mixture does not
produce any electro active species in ethanol under the normal
cyclic voltammetric condition. Effect of methanol composition on
the peak intensity was studied from 5% composition onwards
through CV and found that it varies linearly with composition and
reaches maximum at 25% composition. Beyond 25% composition,
the increase was not significant. Thus a composition of 25%
methanol was taken as the optimum methanol composition.

3.4. Pesticides interaction study

Effect of cypermethrin on the GST catalyzed reaction between
GSH and CDNB in methanol was studied. While the reaction was in
progress, addition of cypermethrin suppresses the reaction to an

extent proportional to cypermethrin amount. Similarly, addition of
cypermethrin in the initial mixture suppresses the CV and UV-
visible peak to different extent depending on the amount of
cypermethrin (Fig. 13). A 25 ppb of cypermethrin in methanol
solution was sufficient for complete inhibition of the reaction in a
standard 3 mL mixture of 2 mM of GSH and 2 mM of CDNB and
20 mL of the enzyme.

3.5. Quantification of cypermethrin

CV method was used to quantify cypermetrhin. It was observed
that when 25 ppb of cypermethrin was mixed initially to the
solution mixture and kept for 30 min., then CV was run, the 0.3 V
peak almost disappeared. Cypermethrin solutions of concentration
lower than 25 ppb, when mixed in the reaction mixture, found to

Fig. 10. Variation of peak current of GSH-CDNB reaction (1:1 millimolar) in 25%
methanol with GST concentration after 30 min incubation.

Fig. 12. Cyclic voltammograms showing variation of peak current with methanol
concentration (a-d) and effect of ethanol (e). Reaction mixture contains 2 mM GSH,
2 mM CDNB and 20 mL GST. Methanol concentrations (a) 50% (b) 25% (c) 10% (d) 5%
and ethanol concentration 25% (e).

Fig. 11. Dependency of peak current with substrate concentration when 120 mL of
GST was used. Solid line for GSH concentrations, dotted line for CDNB
concentrations.
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suppress the peak current up to different extent which was
proportional to concentration of cypermethrin. Based on this
observation, a calibration curve for cypermethin was obtained by
plotting percentage inhibition i.e., percent reduction in peak
current versus cypermethrin concentration up to 25 ppb and was
found to be linear. Limit of detection is considered as the ppb of the
pesticide required for 10% inhibition and found to be 2 ppb (Fig.14).

For determining the percentage inhibition two solution
mixtures containing GSH-CDNB-MeOH, PB and GST of exactly
same composition were prepared, one of which served as the
blank. The other was treated with fixed amount of cypermethrin
and the difference in CV peak current in the two were noted, which
was converted to percentage inhibition.

It is obvious from the UV-visible spectroscopic study that
visible spectroscopy can also be applied to quantify cypermethrin
taking the GST catalyzed GSH-CDNB reaction. However, in the
present work our interest was to explore the feasibility of
electrochemical detection, so the spectroscopic method was not
tried for.

3.6. Method validation study

For validation study, cypermethrin from spiked samples were
extracted and cleaned up using modern extraction technique
QuEChERS.

10 gram of chopped vegetable (tomato) was spiked with 5 mL
of 60 ppb cypermethrin solution (prepared in acetonitrile) and
then homogenized. 5 mL of acetonitrile was added and shaken in
vortex shaker for 5 minutes. Then 4 gram of MgSO4�H2O and
1 gram of NaCl was added, shaken for 5 minutes. Then 1 gram of
sodium citrate dihydrade and 0.5 g of sodium hydrogen citrate
sesquihydrate were added. The mixture was shaken vigorously for
10 seconds and then sonicated for 5 minutes and then centrifuged
for 10 minutes at 2000 rpm. 5 mL of the supernatant was taken
and treated with 125 mg of PSA (primary secondary amine) and
750 mg of MgSO4 4H2O, shaken for few seconds and then
sonicated for 5 minute and centrifuged again. Then supernatant
clean liquid was collected in 50 mL round bottom flask and
evaporated to dryness at 40 �C and 200 mbar in rotavapor. The dry
residue was reconstituted in mixture of 4 mL methanol and 1 mL
dichloromethane and evaporated again to about 1 mL diluted to
5 mL by adding extra methanol. To 1mLof this solution was added
1 mL each of of 3 millimolar GSH and CDNB and 20 mL GST. %
inhibition in peak current calculated and pesticide amount
determined with the help of the calibration curve. The whole
process was repeated thrice to get triplicate results. The recovery
was found to be 96% (RSD 6.5%).

4. Conclusion

Through the application of normal cyclic voltammetric method
we have studied the reaction between GSH and CDNB in methanol
and ethanol and shown that the reaction follows two different
paths in the two solvents. Unlike the case when ethanol is used as
the solvent, in methanol GSH get transformed to an electro active
intermediate state under the influence of applied electric potential.
This electro active intermediate undergoes oxidation at 0.3 V,
sufficiently stable (more than one hour) and reacts with CDNB to
form UV active final product. The same electro active intermediate
is also formed by non-electrochemical process in presence of CDNB
and the formation is catalyzed by GST.

Influence of different components of the reaction mixture on
the electrochemical response has been evaluated. Optimum GST
amount, methanol concentration, saturated substrate concentra-
tion and apparent Michaelis-Menten constant for the enzymatic
reaction have been determined.

We have also studied the influence of typical pyrethriod
pesticide cypermethrin on the said reaction and found that
cypermethrin has negative influence on the reaction. Application
of the phenomena for quantifying cypermethin through cyclic
voltammetric method has been demonstrated. Cypermethrin was
detected down to 2 ppb by using normal cyclic voltammetric
method. The quantification method has been validated through
spiked sample and using QuEChERS extraction/clean up method.
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Fig. 14. Calibration curve for cypermethrin. Inset: variation of CV peak current with
ppb of cypermethrin.

Fig. 13. UV-visible spectra recorded in a solution mixture of GSH (1 mmol), CDNB
(1 mmol), GST (20 mL) and PB-MeOH (25%) in presence of 25 ppb cypermethrin.
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Glutathione-S-transferase-catalyzed reaction of
glutathione for electrochemical biosensing of
temephos, fenobucarb and dimethoate†

Himadri Borah, a Rekha Rani Dutta,a Sudarshan Gogoi, a Tapas Medhi b

and Panchanan Puzari *a

This study describes a sensitive bio-electrochemical detection method for extensively used toxic

organothiophosphate pesticides temephos and dimethoate, and organocarbamate fenobucarb, by

employing a simple mediatorless cyclic voltammetric technique. The sensing scheme is based on the

inhibition of the catalytic activity of glutathione-s-transferase using these pesticides during the course of

the conjugation reaction between reduced glutathione and 1-chloro-2,4-dinitrobenzene, resulting in

a reduction in the oxidation peak current of the activated glutathione oxidation. The types of inhibition

of these three pesticides were studied. Fenobucarb showed competitive inhibition with a Ki value of

10.30 mM, temephos showed non-competitive inhibition with a Ki value of 54.82 mM and dimethoate

exhibited a mixed type of inhibition. Calibration curves for all the three pesticides were obtained with

detection limits down to 2, 4 and 5 ppb for fenobucarb, temephos, and dimethoate, respectively. The

method was validated with a spiked tomato sample using the standard solid-phase extraction clean-up

method. The method is a promising new tool for analysis of water-insoluble organophosphate and

organocarbamate pesticides.

1. Introduction

Development of easy, eld-deployable, and highly sensitive
analytical techniques for detection of pesticide content in
environmental and food samples is a research area of high
demand at the present time owing to the alarming adverse
effects of those pesticides on human health and the environ-
ment.1–10 Among the analytical techniques, enzyme inhibition-
based electrochemical biosensing techniques are extensively
used due to the advantages of high sensitivity, reliability, fast
response, and the feasibility of integration into a miniaturized
sensor device.11–17 Currently, different enzymes are being used
for development of bioanalytical techniques as well as biosen-
sors for different classes of pesticides, such as acetylcholines-
terase and choline oxidase for organophosphates and
organocarbamates,18–29 chicken liver esterase and organophos-
phate hydrolase for organophosphates,14,18,30,31 and tyrosinase
for phenolic pesticides.32–44 Owing to the class specicity of
enzyme action on one hand and the availability of diverse

classes of pesticides in the market on the other hand, it is quite
challenging to come up with different enzyme or bio-receptor
molecules for each class. As an effort towards that direction,
attempts have been made to use the cytosolic enzyme gluta-
thione-s-transferase (GST) for pesticide biosensing, with the
presumption that since it is a detoxication catalyst capable of
binding with several hydrophobic compounds,35–40 it may bind
with the pesticides also, thus affecting the catalytic action of
itself and thereby triggering a biochemical signal. The GST-
based detoxication reactions rely on the catalysis of the
conjugation between a xenobiotic and reduced glutathione
(GSH) forming a conjugate compound, which in turn is
further metabolized inside our body or excreted in a subsequent
step.41–45 Different substrates are in use for the in vitro study of
the GST-catalyzed conjugation with GSH, and the most
commonly used one among them is 1-chloro-2,4-
dinitrobenzene (CDNB).46,47 Conjugation of GSH with CDNB
produces a yellow colored complex that absorbs at 335 nm.48

The presence of certain pesticides in the reaction mixture
dampens the UV peak through binding with GST, thereby
decreasing its catalytic action towards the conjugation reaction.
Based on this phenomenon, few workers have developed UV-
visible spectroscopic detection protocol for pesticides.48,49

Some others have used the direct reaction between GSH and
pesticides for developing a detection protocol for the latter.50

Yet another group has developed electrochemical protocols for
pesticide biosensing utilizing the reaction. Ravindra P. Singh
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et al., (2009) proposed an electrochemical detection method for
the fungicide captan using a bioelectrode fabricated through
immobilization of GST a on (3-aminopropyl)triethoxysilane
(APTES) self-assembled gold nanoparticle substrate. The elec-
trochemical signal was enhanced through the use of the
mediator [Fe(CN)6]

+.51 T. I. S. Oliveira et al. (2013) developed
a GST-based bioelectrode for molinate quantication in water
using the same fabrication procedure but utilizing a glassy
carbon substrate instead of Au nanoparticles.52 The correlation
of the current signal with the amount of inhibition and hence
with the pesticide concentration was established through
differential pulse voltammetric (DPV) technique. However,
monitoring of the mentioned reaction through simple electro-
chemical techniques such as cyclic voltammetry without any
mediator was not reported earlier probably due to the solubility
issue of CDNB.

In a recent study, we have shown that the GST-catalyzed
reaction between GSH and CDNB as well as the inuence of
pesticides on the said reaction can be studied through
a normal, mediator-less cyclic voltammetric technique, if 25%
methanol is used as the electrolyte instead of phosphate buffer.
We have demonstrated the detection of pyrethroid pesticide
cypermethrin using this method.53 In the present study, we have
extended the method for the detection of organothiophosphate
(OTP) and organocarbamate (OC) classes of pesticides, consid-
ering the commonly used organothiophosphate temephos,
dimethoate and organocarbamate fenobucarb. Inhibition
kinetics of the three pesticides was also studied and the method
has been validated through the analysis of tomato samples
spiked with those pesticides.

It was found that the method works well in case of those
three targeted pesticides. This new method is a promising new
tool for pesticide analysis because the detection protocol
involves the use of 25% methanol, which makes bioanalysis of
real samples more feasible.

2. Experimental
2.1. Materials and reagents

GST (from equine liver), CDNB, GSH, temephos, fenobucarb
and dimethoate (analytical standard) were purchased from

Sigma-Aldrich. Phosphate buffer (PB) of 0.1 M (pH 6.5) was
prepared by mixing KH2PO4 and K2HPO4 procured fromMerck-
Germany. Methanol, dichloromethane (DCM) and acetonitrile
were of analytical reagent grade and purchased from Merck
chemicals. Bondesil-NH2 and carbon SPE bulk sorbent were
purchased from Agilent technologies. The GST solution was
prepared in PB containing 0.1 M KCl at pH 6.5 as the supporting
electrolyte and stored at �22 �C. The GSH stock solution was
also prepared in PB (pH 6.5). The CDNB solution was prepared
in 50% aqueous methanol so as to maintain the nal
percentage of methanol as 25%. Distilled methanol was diluted
to 50% using ultra-pure water from a Millipore Milli-Q system.
The stock solutions of fenobucarb, temephos and dimethoate
were prepared in methanol and diluted to the appropriate
concentration for further experimental use. All the solutions
except GST were prepared regularly before experiments.

2.2. Instrumentation

Electrochemical measurements were performed at
30(�0.05) �C, using a standard electrochemical cell with three-
electrode assembly. Cyclic voltammetric experiments were
carried out on PAR 273-A potentiostat/galvanostat. The working
electrode was Pt electrode (3 mm diameter). A Pt wire was used
as the counter electrode and Ag/AgCl relled with 0.1 M KCl was
the reference electrode. KCl solutions were changed before each
experiment. It should be mentioned that non-aqueous Ag/Ag+

can also be used for the purpose, but due to cost effect as well as
due to the inconvenience in preparing the relling Ag+ solution,
we have used the aqueous Ag/AgCl reference electrode. The Pt
electrode was cleaned by polishing in g-Al2O3 (0.05 mm), until
a shining surface was obtained, and sonicated for 5–10 minutes
using a digital ultrasonic cleaner. Cleaning of all electrodes was
done before each experiment. Electrodes were then dipped in
PB and cycled from �0.1 to 0.1 V until a steady-state baseline
was obtained. UV-visible spectra were recorded using the UV-
2550 spectrophotometer, Shimadzu, Japan. Prior to electro-
chemical measurement, the solution mixtures were mixed
thoroughly in a vortex shaker and then the measurements were
made in a static solution condition. During the kinetic study
using the UV-visible spectrophotometer, the solutions were
stirred constantly using a magnetic needle.

This journal is © The Royal Society of Chemistry 2017 Anal. Methods, 2017, 9, 4044–4051 | 4045
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2.3 Analysis procedure

2.3.1 Cyclic voltammetry measurements. The total volume
of the working solution in the electrochemical cell was 3 mL,
which was prepared by mixing 1.5 mL of 2 mM GSH in PB with
1.5 mL of 2 mM CDNB in 50% methanol, unless stated other-
wise. The Pt electrode was employed in the CV measurements
with the potential range from – 0.4 V to 1 V at a scan rate of
20 mV s�1.

2.3.2 UV-visible spectroscopic study. For absorbance
measurements of the GSH–CDNB–GST mixture, 0.5 mmol each
of GSH and CDNB solutions were prepared in a quartz cuvette
along with 20 mL GST solution at room temperature
30(�0.05) �C.

2.4 Validation study

The method was validated by fortifying tomato samples with
known amounts of fenobucarb, temephos and dimethoate
separately, followed by extraction and clean-up using solid-
phase extraction technique. Finally, the contents were added
to 25% methanol before subjecting to CV analysis.

3. Results and discussion
3.1 Cyclic voltammetric study of GSH–CDNB reaction in
methanol and effect of pesticides on it

Fig. 1 shows the cyclic voltammetric behavior of the GSH–CDNB
reaction catalyzed by GST in the absence of pesticides. The CV
produces an intense oxidation peak with the peak maxima at
0.30 V (peak A, current 18.5 mA, RSD 0.62%) that gradually
increases with successive CV runs and becomes stable aer 20
minutes. Another peak appeared from 0.6 V onwards (peak B,
current 10.8 mA, RSD 0.47%), which was due to methanol
oxidation, and the one at 0.3 V was attributed to the oxidation of
the newly formed complex or intermediate. A low-intensity
oxidation peak C that appeared at 0.05 V (RSD 0.21%) in the
reverse cycle is attributed to the oxidation of: COH produced

through the dissociation of methanol. A low-intensity reduction
peak (D) appeared at 0.1 V (RSD 0.35%), which is due to
adsorption of H2 at the platinum surface, which normally shows
up in the potential range from �0.23 to +0.20 V.

3.2 Pesticides interaction study

Fig. 2 shows the effect of pesticides on the CV peak at 0.3 V.
Curve b in Fig. 2 shows the CV of the reaction mixture in

presence of 100 mL of 25 ppb fenobucarb solution aer 30
minutes of incubation. With the addition of increasing
amounts of pesticide solution to the mixture and with an
incubation time of 30 minutes, the CV peak currents at 0.3 V
were further reduced. Similar results were obtained in case of
other two pesticides too. The catalytic activity of GST towards
GSH–CDNB conjugation reaction was inhibited aer exposure
to all the three pesticides.

3.3 UV-visible study

The UV-visible spectroscopic method is used to corroborate the
results of CV analysis. UV-visible spectra recorded two absorp-
tions: one at 250 nm and the other at 335 nm (curve a, Fig. 3).
Addition of these pesticides to the initial mixture suppresses
the UV-visible peak to different extents depending on the
amount of the pesticide (curve b, Fig. 3). It was also observed
that the amount of inhibition was different for different pesti-
cides (Fig. 4).

The peak at 335 nm is due to the new complex or interme-
diate formed aer conjugation, while that at 250 nm is due to
methanol. The peak at 335 nm increases with time, which
indicates gradual formation of the complex. We found that the
335 nm peak intensity decreased with the increasing pesticide
concentration. Concentrations of 50, 30 and 25 ppb of feno-
bucarb, temephos and dimethoate, respectively, in methanol
solution are sufficient for complete inhibition of the reaction in

Fig. 1 Cyclic voltammograms recorded in a 1 : 1 volume mixture of
2 mM GSH in PB and 2 mM CDNB in 50% aqueous methanol in
presence of 20 mL GST (0.02 mg) at a scan rate of 20 mV s�1. Curve
a through curve c is recorded at 15, 20 and 25 minutes, respectively.

Fig. 2 Cyclic voltammograms recorded in a mixture of 2 mM GSH in
PB and 2 mM CDNB in methanol (50%) in presence of 20 mL GST at
a scan rate of 20 mV s�1. Curve a, in absence of pesticide; curve b, in
presence of 100 mL of 25 ppb fenobucarb.
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a standard 3 mL mixture of 2 mM of GSH and 2 mM of CDNB in
the presence of 20 mL of GST.

3.4 Optimization of kinetic parameters

To obtain better performance with respect to electrochemical
signals from the reaction, we optimized the experimental
parameters such as the saturated substrate and enzyme
concentrations, the maximum incubation time of the reaction
and the maximum inhibition time of the pesticides. The satu-
rated substrate concentration determined through the
Michaelis–Menten plot was found to be 2 mM in respect of both

CDNB and GSH.53 Optimized GST amount was determined to be
0.02 mg mL�1, and the maximum incubation time of the reac-
tion was found to be 20 minutes. The maximum inhibition time

Fig. 3 UV-visible spectra recorded in a solution mixture of GSH (0.5
mmol), CDNB (0.5mmol), GST (20 mL) and PB–MeOH (25%) in absence
of temephos (curve a) and in presence of different concentrations of
temephos (curve b).

Fig. 4 UV-visible study of the inhibition by the three pesticides
through time versus absorbance curve. Curve a, enzymatic reaction
mixture in the absence of pesticides; curves b–d, enzymatic reaction
mixture in the presence of 25 ppb of dimethoate, temephos and
fenobucarb, respectively; curve e, inhibition by 50 ppb of fenobucarb
solution. The reaction mixture was prepared by mixing 0.5 mmol GSH
in PB (pH 6.5) with 0.5 mmol CDNB in 50% MeOH along with 20 mL
GST.

Fig. 5 Lineweaver–Burk plots showing the effect of different
concentrations of fenobucarb (5A), temephos (5B) and dimethoate
(5C) on the kinetics of GST-catalyzed GSH–CDNB reaction.

This journal is © The Royal Society of Chemistry 2017 Anal. Methods, 2017, 9, 4044–4051 | 4047
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was found to vary with pesticides and their concentrations.
With the upper limit of pesticide concentration the inhibition
was maximum near zero minutes, and the time versus absor-
bance plot in the UV-visible spectra runs almost parallel to the
time axis, while in case of lower concentrations of the pesticides
the plot runs below the reference (no pesticide mixture) curve in
a divergent manner and becomes parallel to the reference curve
at about 20minutes, that is, at the equilibrium time of the GSH–

CDNB reaction (Fig. 4). This indicates a fast inhibition (near
zero minutes) by the pesticides. However, since peak current
comparison is to be done at 20 minutes, which is the incubation
time of the reaction, a time of 20 minutes was considered as the
maximum inhibition time in this study. The pH value for the
reaction was maintained at 6.5 based on literature data.49

Fig. 4 shows real-time UV-visible spectroscopic monitoring
of the inhibition of the catalytic activity of GST by the three
pesticides. It is seen that the inhibitory power of the three
pesticides follow the order fenobucarb > temephos >
dimethoate.

3.5 Kinetics of inhibition

Enzyme inhibitors may interact with enzymes and/or enzyme–
substrate complexes in several different ways to make the activity
of an enzyme futile to carry out an enzyme-catalyzed reaction. For
each mode of inhibition, it is possible to calculate a dissociation
constant, Ki, for the inhibitor that reects the potential interac-
tion between the enzyme and the inhibitor. It can be said that Ki

for an inhibitor is analogous to Km for a substrate; a smaller Ki

value exhibits stronger binding of an inhibitor to an enzyme,
whereas a larger Ki value shows weaker binding.

Taking fenobucarb, temephos and dimethoate as the effec-
tors, we probed the effects of these compounds on the activity of
GST enzyme while catalyzing the conjugation of GSH to CDNB
through the double-reciprocal Lineweaver–Burk plots. Fenobu-
carb is found to be a competitive inhibitor since increasing the
fenobucarb concentration results in a family of lines with
a common intercept on the 1/v axis and hence a constant Vmax

but with increasing Km (Fig. 5A). In this type of inhibition,
because of their molecular similarity, the inhibitor competes
with the substrate for an active site on the enzyme. As a result,
the rate of catalysis depends on the relative concentrations of
the inhibitor and the substrate. In the presence of a competitive

inhibitor, the Vmax for an enzyme should be the same as that for
the uninhibited case. However, the apparent Km should be
larger in the presence of the inhibitor (Kapp

m ). The equilibrium
constant for the inhibitor binding with the free enzyme, Ki, was
obtained from a plot of Kapp

m /Km versus the inhibitor concen-
tration [I0], which is linear, and the slope of the line gave a Ki

value of 10.30 mM in this case (Table 1).
The kinetic behaviour of temephos showed a non-competitive

mechanism. The Lineweaver–Burk plots yielded a family of
straight lines with different slopes and with a common intercept
on the x-axis. The results are shown in Fig. 5B, indicating that
temephos can decrease the apparent value of Vmax with no effect
on Km. Therefore, it is a non-competitive inhibitor in which the
inhibitor does not compete for the same binding site. A non-
competitive inhibitor usually binds at a location other than the
active site but is able to change the conformation of the active
site in such a way that the enzyme is no longer in the optimal
arrangement to efficiently catalyze the reaction. The V0max for an
enzyme in the presence of a non-competitive inhibitor is less
than the one observed under uninhibited conditions, Vmax. The
magnitude of this decrease reects the strength of the interac-
tion between the enzyme and the inhibitor. However, there is no
change in the Km. The value of the inhibition constant can be
obtained from a plot of the vertical intercept (1/V0max) versus the
inhibitor concentration [I0]. The slope of (1/V0max) vs. [I0] gives Ki,
which is linear and found to be 54.82 mM.

The other major type of inhibition occurs when the inhibitor
is capable of binding to both the free enzyme and the enzyme–
substrate complex. Herein, dimethoate shows this type of
inhibition. In this case, the inhibitor can bind to both E and ES,
but with different affinities. It is not possible to calculate
a single Ki value for this type of inhibition as the dissociation
constant for binding the free enzyme may differ from the
dissociation constant for binding the enzyme–substrate
complex.

3.6 Quantication of fenobucarb, temephos and dimethoate

The CV method was used to quantify the three pesticides. It
was observed that when 50 ppb, 30 ppb and 25 ppb of feno-
bucarb, temephos, and dimethoate, respectively, were initially
mixed with the solution mixture and kept for 20 min., the CV
peak at 0.30 V almost disappeared. Fenobucarb, temephos,

Table 1 Kinetic parameters of GST-catalyzed GSH–CDNB reaction in absence and presence of inhibitors

Name of the pesticide (inhibitors) Vmax Km Ki (mM)

GSH–CDNB reaction 1.14 (RSD 0.61%) 0.08 (RSD 0.49%)
Fenobucarb 1.14 (RSD 0.48%) (i) 0.25 (RSD 0.66%) (60 ppb) (ii)

0.15 (RSD 0.26%) (50 ppb) (iii) 0.09
(RSD 0.79%) (40 ppb)

10.30

Temephos (i) 0.78 (RSD 0.16%) (60 ppb) (ii)
0.91 (RSD 0.32%) (50 ppb) (iii) 1.05
(RSD 0.43%) (40 ppb)

0.08 (RSD 0.34%) 54.82

Dimethoate (i) 1.77 (RSD 0.82%) (60 ppb) (ii)
2.38 (RSD 0.77%) (50 ppb) (iii) 4.32
(RSD 0.72%) (40 ppb)

(i) 0.12 (RSD 0.95%) (60 ppb) (ii)
0.23 (RSD 0.68%) (50 ppb) (iii) 0.60
(RSD 0.85%) (40 ppb)

—
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and dimethoate solutions of concentrations lower than 50
ppb, 30 ppb and 25 ppb, respectively, when mixed in separate
reaction mixtures, were found to suppress the peak current to
different extents that were proportional to the concentrations
of the pesticides. Based on these observations, calibration
curves obtained by plotting the percentage of inhibition, that
is, the percentage of reduction in peak current versus pesticide
concentration, were found to be linear. For determining the
concentration based on peak current reduction, two solution
mixtures containing GSH–CDNB–MeOH, PB and GST of the
exact same composition were prepared, one of which served as
the blank. The other was treated with a xed amount of
pesticide, and the difference in CV peak current between the
two was noted, which was converted into the percentage of
inhibition.

The percentage of inhibition of the biocatalyst was calcu-
lated using eqn (1):

Inhibitionð%Þ ¼ I0 � Ii

I0
� 100 (1)

where Io and Ii are the CV peak currents obtained from the
mixture before and aer mixing pesticides. Triplicate
measurements were made at each concentration of the three
pesticides. Detection limits were determined by the lowest
analyte concentration at which a measurable electrochemical
change took place. The limit of detection is considered as the
amount of the pesticide in parts per billion required for 10%
inhibition and was found to be 2, 4 and 5 ppb for fenobucarb,
temephos and dimethoate, respectively (Fig. 6). The linear
ranges for the three pesticides are found to be 2–50 ppb (y ¼
1.065x + 9.374; R2 ¼ 0.995), 4–30 ppb (y ¼ 1.026x + 6.553; R2 ¼
0.984) and 5–25 ppb (y ¼ 0.980x + 5.484; R2 ¼ 0.993).

3.7 Method validation

The method was validated by the solid-phase extraction
method.

Chopped vegetable (tomato) weighing 10 grams was spiked
with 5 mL of 50 ppb fenobucarb solution (prepared in aceto-
nitrile) and then homogenized. Then, 5 mL of acetonitrile was
added and shaken in a vortex shaker for 5 minutes, sonicated
for 5 minutes and then centrifuged for 10 minutes at 2000 rpm.
Following this, 5 mL of the supernatant was separated out and
passed through a pre-conditioned (acetonitrile–hexane mixture
in a 3 : 1 ratio) column of size 14 mm � 160 mm and packed
with 5 g each of bondesil-NH2 and carbon SPE bulk sorbent. The
solution passing through the column was collected in a 50 mL
round-bottom ask and evaporated to dryness at 40 �C and 200
mbar in the Rotavapor. The dry residue was reconstituted in
a mixture of 4 mL methanol and 1 mL dichloromethane and
evaporated again to about 1 mL and then diluted to 5 mL by
adding more methanol solution. To 1 mL of this solution, 1 mL
each of 3 mM GSH and CDNB, and 20 mL GST was added. The
percentage of inhibition in peak current was calculated and the
amount of pesticide was determined with the help of the cali-
bration curve. The entire process was repeated thrice to get
triplicate results. The recovery was found to be 97% (RSD 3.5%).

The same procedure for validation study was applied for
temephos and dimethoate also. Recovery for temephos and
dimethoate was found to be 90% (RSD 1.75%) and 83% (RSD
3.12%), respectively.

Fig. 6 Calibration curves for the three pesticides studied: (A) feno-
bucarb, (B) temephos and (C) dimethoate.
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4. Conclusion

In this study, we have applied the recently developed53 bio-
electrochemical method for detection and quantication of
organocarbamate and organothiophosphate pesticides taking
fenobucarb, temephos and dimethoate as typical examples. The
method uses the GST-catalyzed in vitro detoxication reaction
between glutathione and 1-chloro-2,4-dinitrobenzene as the
benchmark reaction and methanol as the electrolyte. The study
proved that the newly developed method is effective for detec-
tion and quantication of three classes of pesticides: the pyre-
throid, the organocarbamate and the organothiophosphate
class. The effectiveness of the method to the former class was
demonstrated in our previous study,53 while the effectiveness of
the latter classes is evident from the present study. Organo-
carbamate fenobucarb shows higher binding affinity to GST
(with Ki value 10.35) than temephos (Ki value 54.82). It was also
observed that inhibition of GST activity by different members of
the same group differs. This is attributed to the structural
inuence on binding site selectivity and/or on the kinetics.
Thus, temephos showed non-competitive inhibition, whereas
dimethoate showed a mixed type of inhibition although both
belong to the same organothiophosphate group. This shows the
possibility of a theoretical study of the inhibitor-enzyme's
binding site correlation, a study that is being carried out in our
laboratory. Both fenobucarb and temephos are water-insoluble
pesticides. Successful application of the method to detect these
two water-insoluble pesticides as well as its applicability to
different classes of pesticides has proved the versatility of the
method. Moreover, since methanol is used as the medium
during analysis, the method becomesmore practicable because,
now the bioanalysis of pesticide is no longer restricted only to
the laboratory test samples prepared in a buffer medium or to
much diluted eld samples. Detection limits of the selected
pesticides obtained by the present method are within the range
of other reported methods (ref. 54–67 of Table T1 in ESI†).
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A B S T R A C T

In this work we have fabricated a glutathione-S-transferase based amperometric biosensor for pesticides by
immobilizing the enzyme on platinum electrode using graphene oxide-gelatin matrix, evaluated various bio-
sensor parameters, applied the same for detection and quantification of four different classes of pesticides and
validated the biosensor results with GC–MS analysis. The enzyme immobilization was confirmed through
scanning electron microscopy, electrochemical impedance spectroscopy, cyclic voltammetry and chron-
oamperometry. The apparent Michaelis-Menten constant for the immobilized glutathione-S-transferase in the
said matrix was found to be 0.083 mmol L−1 and 0.15 mmol L−1 respectively for glutathione and 1-Chloro-2,4-
dinitrobenzene. Substrate specificity found to be 2.56 × 107 s−1 M−1 for glutathione and 2.15 × 107 s−1 M−1

for 1-Chloro-2,4-dinitrobenzene. Pesticide analysis was done in 25% methanol solution. The biosensor is a
promising new tool for pesticide analysis as it can be applied for analysis of a broad spectrum of pesticides
covering at least six different classes namely - benzamidazole, organochlorine, organothiophosphate, organo-
carbamate, polyphenol and pyrethroid.

1. Introduction

In recent time development of robust field deployable analytical
equipment with high sensitivity, fast response, and reusability for
pesticides and other environmental pollutants in less than micro molar
amount gaining significant research importance [1,2]. The demand for
such newer analytical techniques arising due to the drawbacks asso-
ciated with the traditional analytical techniques such as gas chroma-
tography–mass spectrometry (GC–MS), High performance liquid chro-
matography (HPLC), liquid chromatography-mass spectrometry (LC-
MS) etc. These techniques, though reliable, require expensive and high
maintenance instruments, time consuming sample pre-treatment, and
highly expert technicians, thus making them unsuitable for field de-
ployment as well as routine analysis [3,4]. Different newer techniques
have been developed such as enzyme inhibition based electrochemical
biosensors [5,6], Enzyme linked immunosorbent assays [7,8], surface
plasmon resonance [9,10] and quantum dots [11,12]. Among these
newer techniques the enzyme inhibition based electrochemical bio-
sensors are extensively studied due to their capabilities of detection in
nano-molar quantity, fast response, reliability and miniaturization
feasibility. In such sensors the enzyme is immobilized on to the surface
of a solid electrode with suitable support matrix.

Immobilization matrix plays a crucial role in the functioning of such

biosensors. Different immobilization matrices have been used for im-
mobilization of enzymes such as conducting polymers [13,14], carbon
nanotubes [15,16], graphene oxide [17,18], silica sol-gel [19,20] and
clay material [21]. Graphene oxide has been attracting the attention of
researchers at present time. They have excellent conductivity and bio-
compatibility [22,23].

Though many enzyme biosensors have been developed for pesticide
detection there still remains some limitations in their practical utiliza-
tion. Two obvious limitations are 1. their class specificity and 2. in-
ability to operate in organic solvents. The enzymes used in pesticide
biosensors are class specific, e.g., organophosphate hydrolase for or-
ganophosphates [24,25], acetylcholinesterase for organophosphates
and organocarbamates [26,27], tyrosinase for phenolic classes [28]. On
the other hand the inhibition based enzyme biosensors cannot operate
in organic solvents [29]. Few workers have reported the use of 5%
acetonitrile as the solvent but this causes excessive dilution of the
sample and also affects the reusability of the biosensor [30]. Attempting
to address these two problems, in a recent work we have shown that the
enzyme glutathione-S-transferase (GST) can be used for electrochemical
biosensing of pesticides in a moderately high concentration (25%) of
methanol [31]. In the present work we have shown that the detection
protocol can be used to fabricate biosensor probes through im-
mobilization of GST in graphene oxide and can be used for detection of
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a wide varieties of pesticide classes. To our knowledge this is for the
first time that the enzyme GST has been immobilized using graphene
oxide matrix for electrochemical biosensor application. Advantages of
the immobilized GST biosensor over the free enzyme technique is ob-
vious from the facts that 1. it is reusable for 8–10 consecutive mea-
surements thus offering cost efficiency and 2. it can be used in chron-
oamperometric mode, thus showing the feasibility of real time
monitoring application. The biosensor can be applied to detect a broad
spectrum of pesticides covering at least six different classes namely -
benzamidazole, organochlorine, organothiophosphate, organocarba-
mate, polyphenol and pyrethroid. Typical pesticides selected from each
class and their allowed MRL values as per regulations of the European
Union [32] are - carbendazim (0.1–2 mg/kg), DDT (0.05 mg/kg), ethion
(0.01–5 mg/kg) and chlorpyrifos (0.01–5 mg/kg), fenobucarb
(0.01 mg/kg)1, Dinocap (0.02–0.1 mg/kg) and cypermethrin
(0.05–2 mg/kg). Application to pyrethroids (cypermethrin) and orga-
nocarbamates (fenobucarb) were demonstrated in our earlier work
[31,33]. Herein we have demonstrated the application of the method to
the remaining four classes.

2. Experimental

2.1. Materials and reagents

GST (from equine liver, EC 2.5.1.18), 1-Chloro-2,4-dinitrobenzene
(CDNB), glutathione reduced (GSH) and graphite powder (analytical
standard) were purchased from Sigma–Aldrich. KH2PO4, K2HPO4,
NaNO3, KMnO4, HCl, H2SO4 and methanol is of analytical reagent
grade and purchased from Merck chemicals. DDT and Dinocap procured
from Dr. Ehrenstorfer; ethion, carbendazim and chlorpyrifos from
PESTANAL-Sigma.

The GST solution was prepared in phosphate buffer saline (PBS) of
pH 6.5 and stored at −22 °C. GSH stock solution was prepared in
phosphate buffer (PB) of pH 6.5. CDNB solution was prepared in 50%
aq. methanol so as to maintain the final percentage of methanol 25%.
Distilled methanol was diluted to 50% using ultra-pure water from a
Millipore Milli-Q system. The stock solutions of pesticides were pre-
pared in methanol and diluted to the appropriate concentration for
further use. All the solutions except GST were prepared regularly before
experiments.

2.2. Instrumentation

Electrochemical measurements and impedance analysis were per-
formed at 30 ( ± 0.05)°C, using Biologic SP-300 potentiostat-galvano-
stat with a three-electrode cell setup comprised of Pt electrode (3 mm),
Pt wire counter electrode and Ag/AgCl reference electrode. The in-
frared spectra were recorded in a Perkin Elmer Frontier MIR-FIR
spectrometer. The X-ray diffraction (XRD) study was carried out at
room temperature (ca. 298 K) using D8 Focus (Bruker AXS, Germany) in
the range of 2θ = 5°–70°. Agilent7890A Gas Chromatogram was used
for GC–MS analysis. The scanning electron microscopic (SEM) analysis
was conducted on JSM-6390LV (Jeol, Japan) with an energy dispersive
X-ray detector.

2.3. Synthesis of graphene oxide

Graphene oxide (GO) was synthesized using modified Hummers
method [34]. In brief, graphite powder (0.5 g) and NaNO3 (0.5 g) were
mixed with 23 mL of H2SO4 (98%) in a conical flask and kept stirring
over an ice bath (0–5 °C) for 4 h. 3.0 g of potassium permanganate was
added to it slowly under stirred, ice cold condition. Continued the

stirring for 1 h after which the ice bath was removed. Next, heated the
mixture up to 35 °C and stirred for another 1 h. The mixture was then
diluted through very slow addition of 46 mL of water under stirring
condition which led to an increase of temperature up to 950C. Kept at
this temperature for 2 h. Then the mixture was cooled down to room
temperature and then added 100 mL distilled water under stirring and
continued the stirring for 1 h. The solution was finally treated with
10 mL of 30% H2O2 so as to obtain a bright yellow color. Then allowed
to stay undisturbed for 3–4 h, whereby solid particles settled at the
bottom. The supernatant water was poured to filter. The resulting
mixture was washed repeatedly by centrifugation with 5% HCl and then
with deionized (DI) water several times until it forms gel like substance
(pH - neutral). After centrifugation, the gel like substance was vacuum
dried at 60 °C for more than 6 h to get GO powder.

2.4. Biosensor preparation

The platinum working electrode was cleaned at first by polishing
with aqueous slurry of alumina followed by treatment with piranha
solution (1:3 (v/v) 30% H2O2 and concentrated H2SO4) and finally
rinsing with copious amounts of deionized water. GO-gelatin mixture
was prepared by sonicating a suspension of 2.0 mg of GO in 1.0 mL of
5% gelatin solution (prepared by warming the gelatin-water mixture up
to 60 °C) for 10 min. 20 μL of the homogeneous GO-gelatin mixture was
drop casted at the tip of the cleaned platinum electrode keeping the
electrode vertical and allowed to be dried in ambient air for 1 h. Then
20 μL of GST solutions (0.02 mg) was added to it and allowed to stay at
room temperature for 2 h. Finally 20 μL of glutaraldehyde (35% in
water) was added to it and kept the electrode at room temperature in
the same vertical position until the film appeared dry (for approxi-
mately 4 h). The prepared sensor was stored at 4 °C when not in use.

2.5. Analysis procedure

2.5.1. Electrochemical measurements
Cyclic voltammetric (CV) measurements were done in the potential

range from −0.4 V to 1 V, at scan rate 20 mV/s. Chronoamperometric
(CA) analysis was done by setting the parameters as E0 = 0.0 V applied
for 30 s, E1 = 0.30 V applied for 100 s.

Cleaning of all electrodes was done before each experiment.
Platinum electrode was cleaned by polishing in γ-Al2O3 (0.05 μM) until
a shiny surface was obtained and sonicated for 5–10 min using digital
ultrasonic cleaner. Electrodes were then dipped in PB and cycled from
−0.1 to 0.1 V until it acquired a steady state baseline. Prior to elec-
trochemical measurement the solution mixtures were mixed thoroughly
and then the measurements were done in static solution condition. The
total volume of the working solution in the electrochemical cell was
3 mL and prepared by mixing 1.5 mL of 2 millimolar GSH in PB with
1.5 mL of 2 millimolar CDNB in 50% methanol, unless stated otherwise.

2.5.2. Gas chromatographic measurements
A gas chromatogram with auto injector system was used for pesti-

cide analysis. Ultra pure helium was used as the carrier gas at constant
flow rate of 1.0 mL/min. The injector and detector temperatures were
set at 250 °C. The oven temperature was programmed as follows: initial
80 °C hold 5 min and then programmed from 80 to 250 °C at 15 °C/min
and hold for 20 min. The total time for one GC run was 36 min. and
injected volume was 1 μL each time through auto injection mode.

3. Results and discussion

3.1. Characterization

X-ray diffraction spectra (Fig. 1), of GO showed peak at 2θ = 10.36°
which is very close to the reported XRD pattern of GO corresponding to
(001) crystal plane. Fourier transform infrared (FTIR) spectrum shows

1 Default MRL of Reg. (EC) 396/2005. Currently not approved by the
European Union.
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(Fig. 2) the presence of OeH stretching vibrations (3429 cm−1), C]O
stretching vibration (1728 cm−1), C]C vibrations of unoxidized sp2 CC
bonds (1626 cm−1), and CeO vibrations (1053 cm−1) which are char-
acteristic peaks of GO as per literature [35].

Morphology of the fabricated electrode was studied by SEM ana-
lysis. SEM images of graphene oxide, gelatin - glutaraldehyde - gra-
phene oxide composite film (GO/Gel/Glut) and GST immobilized
composite film (GO/Gel/GST/Glut) are shown in Fig. 3. SEM images
clearly shows the flake type morphology of GO (Fig. 3a) and the well
dispersed thread shaped enzyme units (Fig. 3c) within the matrix.

3.2. Electrochemical impedance measurements

Electrochemical impedance spectroscopy (EIS) is an effective tool to
characterize electrode modifications by studying the interfacial prop-
erties. Fig. 4 shows the typical Nyquist plots obtained for bare Pt, Pt/
GO/Gel/Glut, and Pt/GO/Gel/GST/Glut in 0.1 M KCl with equimolar
(0.5 mM) Fe(CN)6

3−/4− mixture, when the working frequency range
was 1 Hz to 7 MHz and the applied potential was 0.3 V. Theoretical
fitting was done by applying Levenberg-Marquard algorithm using
‘ZFit-Bio-Logic’ software. Charge transfer resistance Rct found to be
27.29 Ω for bare Pt electrode (curve a), 164.2 Ω for Pt/GO/Gel/Glut
modified electrode (curve b) and 460.3 Ω for Pt/GO/Gel/GST/Glut
modified electrode (curve c). As expected, Rct increased when Pt elec-
trode was coated with GO-gelatin mixture. It increased further when
GST was loaded. This increase in the Rct value is due to the fact that
most biological molecules (including enzymes) are poor electrical
conductors and hence cause hindrance to the electron transfer. This is
the direct evidence of successful immobilization of GST on the electrode
surface.

3.3. Cyclic voltammetric behavior

Fig. 5 shows the cyclic voltammetric behavior of the GSH-CDNB
reaction with GST immobilized Pt working electrode in absence (curve

Fig. 1. X-ray diffraction pattern of synthesized graphene oxide.

Fig. 2. Fourier transform infrared spectrum of synthesized graphene oxide.

Fig. 3. SEM images of (a) graphene oxide (b) graphene oxide-gelatin-glutaraldehyde composite film (c) GST immobilized graphene oxide-gelatin-glutaraldehyde
composite film.

Fig. 4. Nyquist plot of a) bare Pt electrode b) Pt/GO/Gel/Glut and c) Pt/GO/
Gel/GST/Glut in 0.1 M KCl containing 0.5 mM K3[Fe(CN)6] and 0.5 mM K4[Fe
(CN)6]. Black solid lines represent experimental data and colored lines re-
present theoretical data. Inset: Best fit circuit model for evaluation of the
parameters. Complete list of parameters are provided in the supporting in-
formation (Table ST1).
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‘a’) and in presence (curve ‘b’) of pesticides. The CV produces intense
oxidation peak with peak maxima at 0.30 V (peak A, current 27.5 μA,
RSD 0.82%) that gradually increases with successive CV runs and get
stable after few runs. Another peak appeared from 0.60 V onwards
(peak B, current 29.6 μA, RSD 0.97%). The peak from 0.60 V onwards is
due to methanol oxidation, the one at 0.30 V is attributed to oxidation
of newly formed complex or intermediate. A low intensity oxidation
peak C appeared at 0.05 V (RSD 0.31%) in the reverse cycle is attrib-
uted to oxidation of: COH produced through dissociation of methanol.
Low intensity reduction peak (D) appeared at 0.10 V (RSD 0.55%) is
due to adsorption of H2 at the platinum surface which normally shows
up in the potential range from −0.23 to +0.20 V [36]. In presence of
pesticides the intensity of peak A decreases (curve ‘b’).

3.4. Chronoamperometric study

Inhibition was studied by two step procedure, measuring the
chronoamperometric responses before and after immersing the sensor
probe (Pt/GO/Gel/GST/Glut) in pesticide solution. Typical chron-
oamperometric sensing responses are shown in Fig. 6. Curve ‘a’ is the
initial response of the sensor to 2 mmol GSH-CDNB solution and curve
‘b’ is the response after incubating the sensor in 50 ppb chlorpyrifos
solution for 10 min. Fig. 6 clearly indicates that, as a result of inhibi-
tion, amperometric response of the biosensor decreases. During suc-
cessive analysis the sensor was reactivated using PB solution.

3.5. Sensor operational parameters

Sensor operational parameters such as apparent Michaelis-Menten
constants, saturated substrate concentration, optimum pH, optimum
inhibition time, intra and interstate precession, reusability and storage
stability were determined.

3.5.1. Saturated substrate concentration
The saturated substrate concentration for both GSH and CDNB were

determined through the Michaelis–Menten plot (Fig. 7) measuring the
variation of amperometric response with substrate concentration in CA
mode. Concentration of one substrate was kept constant at 2 mmol
while varying the concentration of the other in the full range. The sa-
turated substrate concentration for both the substrates was found to be
4 mmol L−1. The apparent Michaelis–Menten constant, Km

app was

evaluated through the Lineweaver-Burk plot (Eq. (1)) and found to be
0.083 mmol L−1 for GSH and 0.15 mmol L−1 for CDNB. The observed
value of Km

app for GSH is lower than that reported in our previous study
in which the enzyme was in the free state [31]. The Km

app value for
CDNB on the other hand found to be 0.15 mmol L−1, which is almost
similar to the previously reported value. Lowering of Km

app value of
GSH in the immobilized state indicates stronger binding of it with the
enzyme in the immobilized state. Stronger binding of GHS over CDNB is
also obvious from the substrate specificity values. Substrate specificity
found to be 2.56 × 107 s−1 M−1 and 2.15 × 107 s−1 M−1 respectively
for GSH and CDNB as substrate. The values indicate that GST has higher
affinity for GSH than CDNB as substrate. Detail procedure used for
calculation of substrate specificity is given in the supporting informa-
tion.

= +
i

k
i S

1 1
i

1
[ ]max

m
app

max (1)

Fig. 5. Cyclic voltammograms recorded in a 1:1 volume mixture of 2 mM GSH
in PB and 2 mM CDNB in 50% aqueous methanol in presence of Pt/GO/Gel/
GST/Glut electrode at scan rate 20 mV/s. Curve ‘a’ obtained before inhibition
and ‘b’ after inhibition.

Fig. 6. Chronoamperometric responses of the biosensor towards 1:1 GSH-CDNB
solution (a) in absence of inhibitor and (b) in presence of inhibitor.

Fig. 7. Variation of sensor response with substrate concentration with 0.02 mg
of immobilized enzyme. Inset: Lineweaver-Burk plot for determination of Km

app

for both GSH and CDNB.
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3.5.2. Effect of pH
The pH dependence of the enzyme electrode over the pH range

6.0–8.0was studied through cyclic voltammetry. Fig. S1 shows the
cyclic voltammetric response of the sensor towards 2 mM GSH and
CDNB at different solution pH. The maximum peak current was ob-
tained at pH 8.0.

3.5.3. Incubation time
The effect of inhibition time on the degree of inhibition was studied

for the five pesticides taking a 100 ppb solution of each (Fig. S2).
Maximum inhibition time of each pesticide was found to be 20 min. The
percentage inhibition of the biocatalyst was calculated using Eq. (2).

= ×Inhibition I I
I

(%) 100i0

0 (2)

where Io and Ii are the CV peak currents obtained from the mixture
before and after mixing pesticides.

3.5.4. Enzyme reactivation studies
For reactivation of the inhibited enzyme, the inhibited sensor was

immersed in a solution of phosphate buffer (0.1 M) of pH 6.5 for
10 min. When the inhibition is less than 10%, 95–98% reactivation
occurred. But when the percent inhibition is beyond 10%, reactivation
efficiency decreased significantly. Reactivation efficiency was calcu-
lated by using Eq. (3) [16].

= ×Reactivation I I
I I

(%) ( )
( )

100a s

s0 (3)

where I0 is the maximum peak current of the sensor in 2.0 mM each of
GSH and CDNB, Is is the peak current after inhibition and Ia is the same
after reactivation.

3.5.5. Enzyme leaching test
One of the main problems associated with biosensor's use is leaching

out of the bioreceptor from the electrode to the solution matrix, which
affects the reproducibility of the analysis. A successful immobilizing
material should thus not only stabilize the enzyme, but also restrain the
enzyme from leaching out to the test solution. Experiment was per-
formed to check if any trace amount of enzyme can leach out from the
immobilization matrix during electrochemical treatment of the sensor.
This was done by performing several blank CV runs with the sensor,
taking PB as the electrolyte followed by subjecting the same electrolyte
to the assay procedure developed by Habig et al. [37] preparing CDNB
in 50% methanol (the final methanol concentration in the assay was
25%). Absence of enzyme leakage was confirmed through the ob-
servation that no increase in UV–vis absorption at 335 nm occurred as
compared to the blank for a period of 30 min.

3.5.6. Precision measurement
Inter-assay precision of the sensor was determined by measuring the

CV response of six different fabrications when run in solution mixture
comprised of 2 mmol each of GSH and CDNB. The relative standard
deviation (RSD) of the measurements was calculated. A value of 5.53%
was obtained which indicates a good reproducibility of the fabrication
process.

The intra state precision was determined by evaluating the RSD of
sensor response for eight continuous CV runs with a single fabrication,
using equimolar GSH-CDNB solution. The RSD was found to be 0.42%,
which indicates that the sensor response has acceptable precision for
consecutive measurements of GSH-CDNB reaction.

3.5.7. Storage and operational stability
To study the storage stability, a freshly prepared sensor after initial

treatment kept at −20 °C for 30 days. No significant loss in enzyme
activity was found at the end of 30 days. We observed that the stored
sensor when subjected to continuous analysis at the end of the stored
period (30 days) gave stable value up to 8–10 measurements.

3.6. Quantification of pesticides

CV method was used to quantify all the five pesticides. It was ob-
served that when 50 ppb, 200 ppb, 150 ppb, 300 ppb and 400 ppb each
of carbendazim, chlorpyrifos, DDT, Dinocap and ethion respectively
was mixed initially to six different solution mixtures and kept for
20 min., the CV peak at 0.30 V almost disappeared. Concentrations of
these pesticides lower than the aforementioned ones when mixed in
separate reaction mixtures, found to suppress the peak current up to the
extent proportional to the concentration. Based on this observation,
calibration curves were obtained by plotting percentage inhibition
versus pesticide concentration and was found to be linear. For de-
termining the concentration based on peak current reduction, two so-
lution mixtures containing GSH-CDNB-MeOH and PB of exactly same
composition were prepared, one of which served as the blank. Triplicate
measurements were made at each concentration of the five pesticides.
Limit of detection is considered as the ppb of the pesticide required for
10% inhibition and found to be 2, 60, 40, 50 and 100 ppb respectively
for carbendazim, chlorpyrifos, DDT, Dinocap and ethion. The linear
ranges for the five pesticides are found to be 2–50 ppb
(y = 1.158x + 9.1113; R2 = 0.998) for carbendazim, 60–200 ppb
(y = 0.492x − 21.14; R2 = 0.998) for chlorpyrifos, 40–150 ppb
(y = 0.412x − 2.810; R2 = 0.989) for DDT, 50–300 ppb
(y = 0.248x − 8.577; R2 = 0.999) for Dinocap and 100–400 ppb
(y = 0.154x − 6.598; R2 = 0.995) for ethion. Fig. S3 shows the various
calibration curves.

Comparison of the LODs with the MRL values of those pesticides
infers that the method can be applied for checking the MRLs of DDT,
carbendazim and cypermethrin in all kinds of food and agricultural
commodities covered by the EU database. However, as regard to
Dinocap, ethion and chlorpyrifos analysis is concerned, the method can
be applied in select cases only. Table ST2 lists few examples of

Table 1
Comparison of the performance of the present biosensor with other reported biosensors.

Pesticides Method of detection Limit of detction (LOD) Linear range Ref.

Carbendazim DNA Aptamer based biosensor immobilized on gold surface 0.0082 ppb 0.01 ppb–10 ppb [38]
GST biosensor using graphene oxide 2 ppb 2–50 ppb This work

Chlorpyrifos Acetylcholinesterase (AChE) immobilized on Fc-F hydrogel support 1.00 ppb 1.75–263 ppb [39]
GST biosensor using graphene oxide 60 ppb 60–200 ppb This work

DDT Surface plasmon resonance (SPR) based immunosensor 0.015 ppb Not reported [40]
Gold nanoparticles (GNPs) based immunoassay 27 ppb 27–1000 ppb [41]
GST biosensor using graphene oxide 40 ppb 40–150 ppb This work

Dinocap GST biosensor using graphene oxide 50 ppb 50–300 ppb This work
No other biosensing method reported so far. – – –

Ethion Butyrylcholinesterase biosensor based on multi-walled carbon nanotube–polyvinyl chloride
(MWNT–PVC) composite

22 ppb 22–330 ppb 42

GST biosensor using graphene oxide 100 ppb 100–400 ppb This work
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commodities to which the method can be applied for risk management
of the selected pesticides.

Table 1 shows a comparison of the performance of the present
biosensor with few other biosensors reported in literature. Although the
present method offers slightly higher LODs as compared to other bio-
sensors such as DNA aptamer based biosensors and acetylcholinesterase
(AChE) based biosensors, yet the method is able to meet the required
sensitivity for residue analysis of the selected pesticides in majority of
the agricultural commodities as per the EU guidelines.

3.7. Kinetics of inhibition

Enzyme inhibitors may interact with enzymes and/or

enzyme–substrate complexes in several different ways to make the ac-
tivity of an enzyme futile to carry out an enzyme-catalyzed reaction. In
most cases, it is possible to calculate the inhibitor dissociation constant,
Ki, that reflects the potential interaction between the enzyme and the
inhibitor, using the Lineweaver-Burk plot. Ki of an inhibitor is analo-
gous to the Km of a substrate; a smaller Ki value indicates a stronger
binding of an inhibitor to an enzyme, whereas a larger Ki value infers
weaker binding. Inhibition characteristics of the five pesticides towards
GST catalytic activity were studied in the perspective of GHS-CDNB
reaction. Ki values were determined through the double-reciprocal
Lineweaver-Burk plots.

DDT was found to be a competitive inhibitor since an increase in its
concentration results in a family of Lineweaver-Burk lines with a

Fig. 8. Lineweaver–Burk plots showing the effect of different concentrations of (a) DDT (b) Chlorpyrifos (c) Ethion (d) Carbendazim and (e) Dinocap on the kinetics
of GST-catalyzed GSH–CDNB reaction.
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common intercept on the 1/v axis and hence a constant Vmax but an
increased Km (Fig. 8a, Table ST3). The equilibrium constant for the
inhibitor binding with the free enzyme, Ki, was obtained from a plot of
Km

app/Km versus the inhibitor concentration [I0], which was linear. The
slope of the line gave a Ki value of 21.27 mM.

The kinetic behavior of chlorpyrifos and ethion showed a non-
competitive mechanism. The Lineweaver–Burk plots yielded a family of
straight lines with different slopes and with a common intercept on the
x-axis (Fig. 8b and c). As expected for non-competitive inhibitor, the
V′

max in the presence of the inhibitor is less than the same under un-
inhibited conditions, Vmax. The value of the inhibition constant was
obtained from a plot of the vertical intercept (1/V′max) versus the in-
hibitor concentration [I0]. The slope of (1/V′max) vs. [I0] gave a linear
line with Ki values 219.29 mM for chlorpyrifos and 54.82 mM for
ethion.

The other major type of inhibition is mixed inhibition in which the
inhibitor is capable of binding to both the free enzyme and the en-
zyme–substrate complex. Herein, carbendazim and Dinocap show this
type of inhibition (Fig. 8d and e). From the figures it is clear that in case
of carbendazim the enzyme inhibitor binding constant (kia) is higher
than the enzyme- substrate-inhibitor binding constant (Kib) but the
reverse is true in case of Dinocap. It is not possible to calculate a single
Ki value for this type of inhibition from the Lineweaver–Burk plots.

3.8. Validation study

Biosensor results were validated by performing a two steps valida-
tion experiment. In the first step the recovery of the applied sample pre-
treatment process was determined by preparing a GC calibration curve
for the pesticide, taking solutions of analytical standard sample of
ethion. Then the recovery from a spiked potato samples were de-
termined. In the second step the same fortified solution extract was
subjected to bioanalysis and the results were compared with recovery
values obtained through GC–MS. The concentration range for the GC
calibration curve was from 100 ppb to 1000 ppb and the analytical
solution for both GC–MS and bioanalysis was prepared by fortifying
potato samples with 300 ppb of ethion. The stepwise solid phase ex-
traction procedure was as follows: chopped vegetable (potato) weighing
10 g was spiked with 5 mL of 300 ppb ethion solution (prepared in
acetonitrile) and then homogenized. Then, 5 mL of acetonitrile was
added and shaken in a vortex shaker for 5 min, sonicated for 5 min and
then centrifuged for 10 min at 2000 rpm. Then the supernatant was
separated out and passed through a pre-conditioned (acetoni-
trile–hexane mixture in a 3:1 ratio) column of size 14 mm × 160 mm
and packed with 5 g each of bondesil-NH2 and carbon SPE bulk sorbent.
The solution passing out through the column was collected in a 50 mL
round-bottom flask and evaporated to dryness at 40 °C and 200 mbar in
a rotary evaporator. The dry residue was reconstituted in a mixture of
4 mL methanol and 1 mL dichloromethane and evaporated again to
about 1 mL and then diluted to 5 mL by adding more methanol solution.
To 1 mL of this solution, 1 mL each of 2 mM GSH and CDNB, and placed
in the electrochemical cell with the biosensor probe. The percentage of
inhibition in peak current was calculated and the amount of pesticide
was determined with the help of the calibration curve and considering
the dilution factor. The entire process was repeated thrice to get tri-
plicate results.

Recovery for ethion from potato samples was found to be 88.2%
(RSD 4.6%, n = 5) in the GC analysis and, 88.6% (RSD 5.8%, n = 5) in
bioanalysis using the fabricated biosensor probe. Close resemblance of
the bioanalysis results with the GC results infers that the bioanalysis
method if perfect and highly reliable. The gas chromatograms of ethion
under the specified analytical parameters are shown in supporting in-
formation (Figs. S4 and S5).

4. Conclusion

We have shown for the first time that the enzyme GST can be im-
mobilized on platinum electrode using graphene oxide and gelatin
matrix to fabricate an enzyme electrode that can act as sensor probe
with a broad spectrum applicability. The sensor can be applied to detect
amperometrically at least six different classes of pesticides. The re-
producibility of sensor results were confirmed through GC–MS analysis.
We have also reported for the first time the catalytic perfection as well
as substrate specificity of the enzyme GST towards the two substrate
CDNB and GSH. We have also studied the inhibition characteristics of
different classes of pesticides towards the enzymatic reaction between
GST and CDNB. The trend of inhibition appears to be competitive for
organochlorines, non-competitive for organothiophosphates and mixed
type for phenolic and benzimidazole classes.
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ABSTRACT: In this work, the diffusion of thiocholine ion
into an enzyme-loaded polypyrrole film was evaluated by
different methods, and the results were compared to identify
the most suitable method. The enzyme-loaded polypyrrole
film was coated with a thin layer of gelatin and gluteraldehyde
so as to prevent enzyme leaching. Diffusion coefficients under
normal and prepolarized conditions were calculated by five
different methods, namely, the Cottrell method, the method of
Peerce and Bard, the theoretical impedance model, the
electrochemically stimulated conformational relaxation
(ESCR) method, and the direct impedance measurement
method. The theoretical model of Vortynstev was used to
calculate the parameters from the impedance spectra using simplex technique in MATLAB. The results indicate that under
normal unpolarized condition the ESCR method gives a diffusion coefficient close to that given by Vortynstev method, but under
polarized conditions the Cottrell method can provide a better value of diffusion coefficient than ESCR. The diffusion coefficient
of thiocholine in PPy composite film from an electrolytic background of phosphate buffer of pH 7.4 was found to be 1.00 × 10−8

cm2 s−1 based on Vortynstev method. The mechanism of thiocholine diffusion into the positively charged/polarized matrix is
attributed to be through the formation of a dinegative ion between thiocholine and phosphate anion via electrostatic attraction.

1. INTRODUCTION
Conducting polymers have been attracting increasing interest
over last 30 years due to their interesting electrical and
electrochemical properties and also due to their potential
application in miniaturized electronic devices. Polypyrrole
(PPy), a key member of the organic conducting polymers,
has peculiar properties of reversal of conductivity and
composition during its reversible electrochemical oxidation−
reduction process1 and also a high room-temperature
conductivity (∼40−100 S cm−1). The possibility to develop
many electrochemical devices such as artificial muscles, smart
windows, polymeric batteries, artificial glands, electron ion
transducers, and biosensors exploiting those properties has
been demonstrated by different workers.2 All devices related to
those properties work either under the diffusion kinetic control
of the counterion required for the charge balance or under
slower relaxation kinetic control of the conformational
structure. The best way to design the most suitable practical
kinetic conditions for the different devices will be to acquire
prior knowledge on diffusion and its control, which, in turn,
depends on identification of reliable method(s) for determining
diffusion coefficients of ions involved in the device inside the
constituent polymer.
Different techniques such as the chronoamperometric

method using the Cottrell equation3−5 or electrochemical
impedance6−9 have been used to measure ion diffusion. Among

these, the most commonly used one is the Cottrell model.
Because the Cottrell equation was originally meant for diffusion
of ions in solution electrolyzed with a bare electrode, so its
applicability to ionic diffusion in films of coated electrode is a
debatable topic. Some workers have suggested that the
equation can be used for coated electrode provided a proper
time scale is chosen; for example, in coated electrode, a short
time scale gives the diffusion coefficients of the ions within the
film, while a long time scale gives the same in the solution,10

but examples are found in the literature where the Cottrell
equation has been used to evaluate diffusion coefficients
without making any distinction of the diffusion type. So one
aim of the present work was to study whether the Cottrell
equation can be applied to evaluate the diffusion coefficient of
an ion in an electroactive polymeric composite film such as
polypyrrole coated with gelatin and gluteraldehyde, taking
thiocholine cation as the target ion. Thiocholine is the
hydrolysis product of acetylthiocholine, a substrate for the
cholinesterase enzymes (acetylcholinesterase, AChE; or butyr-
ylcholinesterse, BChE), during in vitro study of the activities of
those enzymes. Thus, thiocholine behaves as a biomarker for
the biological effect of some pesticides and nerve agents that
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inhibit the activity of the cholinesterase enzymes in muscles and
nerve tissues.11 On the basis of this fact, different varieties of
AChE-based electrochemical biosensors have been designed by
immobilizing the enzyme AChE in different matrix on solid
electrode support, the signal intensity and reproducibility of
which depend to a greater extent on the diffusion characteristic
of thiocholine in the matrix. In a recent work,12 we have shown
that thiocholine gets oxidized on polypyrrole surface with a
diffusion-controlled process. It was observed during the study
that there exists a distinct difference between the shapes of the
chronoamperogram (CA) of normal oxidation (normal
oxidation means initial potential of 0 V applied for 30 s,
followed by 0.7 V for 100 s) and prepolarized oxidation
(prepolarized oxidation means initial voltage −0.7 V applied for
180 s, followed by 0.7 V for 100 s) of thiocholine on PPy
matrix. The decay pattern of the CA in the case of normal
oxidation looks like the Cottrell type, that is, the exponential
decay, but in the case of the prepolarized one, the decay pattern
is different due to huge faradaic current (Figure 2A,B), and thus
it takes a very long duration for the CA to attain the state of
steady-state oxidation. So it is an obvious question of whether
the Cottrell equation can be applied to such systems or not,
especially at the short time range. So we have calculated
diffusion coefficients of both normal and prepolarized oxidation
throughout the total time interval to study the applicability of
Cottrell equation for such systems and compared the results
with a few other methods. The diffusion coefficient under
normal and prepolarized conditions was calculated by five
different methods, namely, the Cottrell method, the method of
Peerce and Bard, the curve fitting method using theoretical
impedance model, the electrochemically stimulated conforma-
tional relaxation (ESCR) method, and the direct impedance
measurement method, and compared. The theoretical model of
Vortynstev was used to calculate the impedance spectra using a
nonlinear simplex technique in MATLAB. The polypyrrole
composite film was enzyme-loaded so that it reflects a practical
situation of biosensor functioning, and the kinetics is mostly
diffusion-controlled due to creation of diffusion channels.

2. EXPERIMENTAL SECTION
2.1. Reagents. Acetylcholinesterase (Type VI−S, EEL, 500

UN mg−1), acetylthiocholinechloride, and phosphate buffer
(PB) were procured from Sigma-Aldrich, USA. Pyrrole
monomer was procured from E-Merck, Germany.
2.2. Instruments. PAR 273 A potentiostate/galvanostate

was used for film deposition and chronoamperometric study.
Platinum working electrode (diameter 3 mm, surface area
0.0707 cm2) was obtained from CH instrument, USA. The
impedance analyzer used was SP 150, Biologics, USA.
2.3. Electrode Fabrication. Enzyme-loaded, gelatin−

gluteraldehyde−polypyrrole-coated platinum electrode (Pt/
PPy-AChE-Glut-Geltn electrode) was prepared according to
the published procedure.12 In brief, AChE was electro-
entrapped in polypyrrole at 0.7 V from a 0.5 M solution of
the pyrrole in PB. Subsequently, gluteraldehyde and gelatin
were added in steps and the electrode was kept for an aging
period of 5 days in −20 °C before use.
2.4. Chronoamperometric Measurements. CA meas-

urements were made under static solution condition in
thiocholine prepared in phosphate buffer (pH 7.4) using
three-electrode cell setup comprising Pt/PPy-AChE-Glut-Geltn
electrode as the working electrode, Ag/AgCl-saturated NaCl
reference electrode, and platinum coil as the auxiliary electrode.

Two different sets of potentials were used, respectively, for
normal and prepolarized state of thioholine ion. Parameters
were 0.0 V for 30 s, followed by 0.7 V for 100 s in normal and
−0.7 V for 180 s, followed by 0.7 V for 100 s in the pre
polarized state.
Before each new experiment the working electrode was

subjected to a few CV and CA runs in the negative potential
region (from 0 to −0.8 V) until the prediffused materials were
totally ejected (when the baseline was reproduced). Also, the
electrodes were potentiostated for 10 min at +0.5 V time to
time between experiments to recover the reversible damage to
the Ag/AgCl electrode.
CA was used to calculate the thiocholine diffusion coefficient

using the Cottrell equation (eq 1) in two different ways (named
Cottrell A and Cottrell B). Under Cottrell A, plots of i versus
t−1/2 were obtained for three different concentrations. The
slopes of the lines thus obtained were again plotted against
concentrations of the diffusing species to evaluate D from its
slope.5

π
=I

nFAD C
t

1/2

1/2 1/2 (1)

In Cottrell method B the integrated form of the previous
equation (eq 2) was used to calculate the diffusion coefficient
from the plot of Q versus t1/2.

π
=Q

zFACD
t

2 1/2

1/2
1/2

(2)

In these equations, z is the charge transfer during oxidation
(z = 1), F is the Faraday constant (96 485.3365 C mol−1), A is
the geometric area of the electrode, C is the bulk concentration
of the thiocholine ion, and D is the diffusion coefficient in cm2

s−1.
Under the ESCR model, eq 3 was used to calculate the

diffusion coefficient.13
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Here Q is the charge consumed at every time t after the
potential step, Qt is the total charge obtained by integration of
the CA within the time range of interest (calculated by
numerical trapezoidal method), and δ is the thickness of the
swollen film. The slope of the plot of ln(1 − Q/Qt) versus t
gave the diffusion coefficient, D.
CAs were also used to calculate the diffusion coefficient

through the equation developed by Peerce and Bard for
modified electrode (eq 4).10
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where i(τ) is the current passed at the polymer modified
electrode and id(τ) is that at the bare electrode, that is, the
Cottrell current given by eq 1. Here K is the extraction
coefficient.
γ = [Ds/Dm]

1/2 and τ = Dmt/δ
2, where Dm, Ds, and δ are,

respectively, the diffusion coefficient of ion in the film, the
diffusion coefficient of ion in solution, and the thickness of the
solvent swollen film.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b01383
J. Phys. Chem. B 2015, 119, 4749−4757

4750

http://dx.doi.org/10.1021/acs.jpcb.5b01383


The experimental i(τ)/id(τ) ratios were plotted against log(t)
in the time range at which the plot of id(t) × t1/2 versus log(t)
was linear with a zero slope and compared with the theoretical
i(τ)/id(τ) ratio as per eq 4 for the same time zone. From the
average deviation of the experimental curve from the theoretical
one, the diffusion coefficient was calculated by using eq 5.

τ δ− =t Dlog( ) log( ) log( / )m
2

(5)

2.5. Curve Fitting Using Impedance Measurement
and Vortynstev Model. The theoretical AC impedance
model of Vorotynstev14,15 was used to calculate the diffusion
coefficient. Equations 4−9 of ref 15 were processed and fitted
to the experimental impedance data for evaluation of the
diffusion coefficient applying nonlinear least-squares with
simplex technique in MATLAB. AC amplitude of 5 mA was
applied for impedance analysis at a potential of 0.7 V in the
frequency range 0.1 Hz to 0.8 MHz.
2.6. From Warburg Impedance. According to literature,16

the low-frequency Warburg impedance is related to the
diffusion coefficients of oxidants and reductants by eq 6.
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where D0 and DR are the diffusion coefficients of the oxidized
and reduced form of the species and C0* and CR* are their bulk
concentrations.
In the present case, thiocholine and oxidized thiocholine are

involved in the diffusion process. Assuming equal diffusion
velocities for both and considering C0* = CR* at least for the
initial state of the reaction, eq 6 can be written as

=
*

⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
⎠⎟z

w
RT

F A D C
2

2
2

f

1/2

2 1/2 (7)

D was calculated using eq 7 through measurement of the
low-frequency Warburg impedance from the impedance
spectra.
Thiocholine was obtained through hydrolyzing acetylthio-

choline for 1 h using a separate enzyme electrode, and the final
concentration was determined by Ellman method.17

3. RESULTS AND DISCUSSION
3.1. Film Thickness Measurement. The thickness of the

dry film was measured through SEM (Figure 1) at three
different lateral sites, and the average was found to be 88 μm;
that of the solvent swollen film measured through digital slide
caliper (Mitutoyo-Japan) was found to be 110 μm. Figure 1
(left) shows the SEM image of an enzyme-loaded Ppy-gelatin
film in the dry state (lateral view).

3.2. Chronoamperometric Study. Figure 2A,B shows the
CAs, respectively, for normal and prepolarized oxidation of
thiocholine at 0.7 V recorded with the enzyme-loaded PPy
working electrode. The Figures reveal that in the absence of
prepolarization the amperometric current quickly drops and
becomes equilibrated soon, but in the prepolarized case the
current decay is slow and it takes a longer time to get
equilibrated. This indicates that faradaic current is greater when
preconcentration is applied. This faradaic current due to
thiocholine oxidation increases with concentration, as is
obvious from the gaps in the current jump between the
successive CAs for different concentrations after attaining the
final potential (Figure 2B). The CA pattern indicates an
uncommon diffusion characteristic and hence creates suspense
on the feasibility of using the Cottrell equation to evaluate the
diffusion coefficient under forced conditions, while in the
normal case (Figure 2A) the feature of the CA apparently
indicates the possibility of applying the same.
In both the CAs (Figure 2A,B) the conformational

relaxation18 seems to be missing probably either due to enzyme
loading or due to surface coating with gelatin or gluteraldehyde
or both. When conformational relaxation is present the CA
peak current decreases immediately after the final potential is
obtained, followed by a steady increase. In the present case we
see a steady increase only, immediately after the final potential,
followed by an exponential decay after certain time (inset i in
Figure 2A,B). The steady upward rise after the initial jump is
attributed to the charging current in conjugation with oxidative
current of thiocholine oxidation. The fact that thiocholine
oxidation is also involved in this region is obvious from the fact
that the slope of the rising portion became steeper when
thiocholine concentration was gradually increased (Figure 2B).
The increase in the peak maxima with increasing amount of
thiocholine in Figure 2B indicates that thiocholine oxidation
affects the CA peak maxima in a quantitative manner. Results of
cyclic voltammetric experiment also corroborate this point
(Figure 3).

3.3. Diffusion Coefficient (D). 3.3.1. Cottrell Equation.
3.3.1.1. Cottrell A. As mentioned in the literature,19 the
polymer-coated electrode application of Cottrell equation in
the short time range gives the diffusion characteristic in the film
and at longer time range the diffusion characteristic in solution,
so we have chosen both short- and long-time range for the
evaluation of the diffusion coefficient through the Cottrell
equation. It is observed that in the CAs (normal and polarized)
the current increases up to certain time and then decreases
exponentially (Figure 2B and the inset i in Figure 2A). The
Cottrell calculations were done separately for both regions
before and after the peak current and up to the time when the
curve became steady. Figure 4A,B shows typical plots of the i
versus t−1/2 and the slope versus c curve obtained within 3.9 to
4.9 s in the post-peak region.
Diffusion coefficients found are listed in Table 1. While

calculating the diffusion coefficients the PB current was
subtracted to correct for the charging current. The shown
values are the average of three calculations performed at three
different time slots in the pre- or post-peak region. The
different time zones used for the calculations and the
corresponding plots are shown in Table Ts in the Supporting
Information.

3.3.1.2. Cottrell B. Under this procedure the diffusion
coefficients have been calculated from the plots of consumed
charge, Q versus t1/2 (eq 2) for both normal and polarizedFigure 1. SEM image (lateral view) of PPy-AChE-Glut-Geltn film.
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conditions. Chronocoulograms thus obtained from the CA
plots are shown in the Supporting Information.
The diffusion coefficients found are shown in Table 1.
3.3.2. ESCR Method. ESCR method restricts the selection of

time scale based on consideration of the relaxation process.
Under that restriction the time scales for both the normal and
polarized cases were after the peak, that is after 0.13 s and 15 s
respectively for normal and polarized cases. Diffusion
coefficients were calculated by using eq 3 after elimination of
charging currents. The diffusion coefficients found are shown in
Table 1.

3.3.3. Method of Peerce and Bard. Under this method the
time range for D calculation was chosen as the region where the
plot of id(t)·t

1/2 versus log(t) was linear with a zero slope
(Figure 5A). In both the normal and the polarized cases this
range fell at the peaks, that is, from 0.13 to 1 s in normal case
and in 14.5 to 15 s in the polarized case. Experimental and
theoretical it/id ratios within the selected time range were
calculated for a range of K/γ ratios from 7.2 to 7.6 (Figure 5B).
The best overlap was seen in the case of K/γ =7.6 (Figure 5C)
and used to evaluate the ion (thiocholine) diffusion coefficient

Figure 2. Chronoamperograms in thiocholine solution with Pt/PPy-AChE-Glut-Geltn electrode under normal (A) and polarized (B) conditions
with thiocholine in PB of concentrations (a) 0.0353, (b) 0.0264, and (c) 0.0176 mM and (d) only PB. Inset i in panel A is the expanded CA in the
time range 0 to 0.6 s to show the hidden charging current. Inset ii in panel A and inset I in panel B are the chronocoulograms corresponding to the
CAs. The negative time range covered by the curves indicate the durations of application of the negative potential (−0.7 V).

Figure 3. Cyclic voltammograms at scan rate 20 mV/s of (a) Pt
electrode in PBS, (b) Pt-PPy in PBS, (c) Pt-PPy in 2 mM ACTh, (d)
Pt-Glut-Geltn electrode in 2 mM ATChCl, (e) Pt-PPy-Glut-Geltn
electrode in PBS, (f) Pt−Ppy-AChE-Glut-Geltn in PBS, (g) Pt-PPy-
Geltn electrode in 2 mM ATChCl, (h) Pt-PPy-Glut-Geltn in 2 mM
ATChCl, and (i) Pt-PPy-AChE-Glut-Geltn in 2 mM ATChCl.

Figure 4. Plot of current, i, versus t−1/2 for three different concentrations of thiocholine (A). Plot of slopes versus [TCh] (B) for calculation of D as
per eq 1. The corresponding CAs are shown in Figure 2A: (a) 0.0353, (b) 0.0264, and (c) 0.0176 mM TCh solution.
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in the film, Dm, by using eq 5. Similar curves for the polarized
case are shown in Figure 5D. For the polarized case we did not
get sigmoidal curves but one straight line that overlaps almost
totally with the experimental one. The diffusion coefficients
found were 1.31 × 10−8 and 1.81 × 10−8 cm2 s−1, respectively,
for normal and polarized case. The diffusion in solution DS

could not be calculated due to the lack of extraction coefficient

(K) value and also because it was not a part of the objectives of
this study.
It is worth mentioning that along the same line of the

foundation of this method we consider the blocking film at the
electrode surface as a membrane through which the ions
diffused toward the electrode surface before they eventually get
oxidized. The possibility of pinhole diffusion20 has been ignored

Table 1. Comparison of Diffusion Coefficients Obtained from Cottrell and ESCR Calculations for Different Concentrations and
at Different Regions of the Chronoamperograms

D (cm2 s−1) for normal condition D (cm2 s−1) for forced condition

thiocholine
concentraion Cottrell A Cottrell B ESCR Cottrell A Cottrell B ESCR

C1 = 0.0176 mM

before the peak 3.45 (±0.01) × 10−9 1.96 (±0.03) × 10−9 2.82 (±0.65) × 10−8 1.08 (±0.03) × 10−6

on the peak 4.40 × 10−9 2.20 × 10−6

after the peak 3.66 (±0.35) × 10−8 1.77 (±0.03) × 10−8 5.57 (±0.04) × 10−7 6.40 (±0.1) × 10−7 2.61 (±0.04) × 10−6 4.00 (±0.6) × 10−7

C2 = 0.0264 mM

before the peak 3.45 (±0.01) × 10−9 1.55 (±0.03) × 10−9 2.82 (±0.02) × 10−8 2.28 (±0.03) × 10−6

on the peak 4.76 × 10−9 2.92 × 10−6

after the peak 3.66 (±0.20) × 10−8 1.64 (±0.05) × 10−8 5.57 (±0.03) × 10−7 4.60 (±0.12) × 10−7 3.02 (±0.01) × 10−6 1.33 (±0.01) × 10−7

C3 = 0.0353 mM

before the peak 3.45 (±0.01) × 10−9 4.40 (±0.10) × 10−9 2.82 (±0.02) × 10−8 1.54 (±0.04) × 10−6

on the peak 2.66 × 10−8 2.48 × 10−6

after the peak 3.66 (±0.20) × 10−8 2.48 (±0.04) × 10−8 5.32 (±0.03) × 10−7 4.60 (±0.12) × 10−7 2.58 (±0.03) × 10−6 1.94(±0.03) × 10−7

Figure 5. Comparison of experimental and theoretical chronoamperograms calculated as per eq 4. (A) Plot of id(t) × t1/2 versus log(t) for the normal
condition. (B) Plot of all theoretical curves with K/γ ratios from 7.2 to 7.6. in the same time range under normal condition. (C) Overlap of
experimental curve (a) with theoretical one (b) with K/γ = 7.6 under normal conditions and (D) overlap of theoretical curve with the experimental
one in the time range 14.5 to 15 s under prepolarized condition. i(t) is the current passed at the Pt/PPy-AChE-Glut-Geltn electrode and id(t) is the
same in bare electrode in 0.0353 mM thiocholine solution.
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considering the excess thickness and the viscous nature of the
solvent swollen film.
3.3.4. By Vortynstev Impedance Equation. AC impedance

spectra of the wet, swollen film recorded in thiocholine solution
of molarity 0.0353 mM in normal and prepolarized conditions
are shown in Figure 6A,B. The theoretical spectra were
calculated by using equation eq 8

= +
·
+

Z R
Z w Z

Z w Z
( )

( )s
ME inf

ME inf (8)

where ZME is the complex impedance calculated through eq 4 of
ref 15. Rs is the series electrolytic resistance and Zinf is the
empirical resistance added parallel to the modified electrode
impedance so as to account for nonideal blocking of the film−
electrolyte interface (distributed element).
The evaluated parameters have been shown in the captions

of Figure 6A,B. The relevant equivalent circuit is shown in
Figure 7.
In the polarized case a higher value of solution resistance but

a lower charge-transfer resistance at the film electrolyte
interface (Ri) is obtained, which is in accordance with the
expectation. In the polarized case decrease in Ri occurs due to
weakening of interfacial double layer because of two opposite

migration of ions: expulsion of prediffused but unoxidized TCh
from the film toward the solution on one hand and migration of
phosphate end of the compound ion toward the film after
reorientation on the other hand. The increase in solution
resistance is attributed to be due to the increase in the
proportion of negative charge, that is, free phosphate anions in
the post-polarized solution as compared with the pre-polarized
one. The flat area in the Nyquist plot (Figure 6B) represents
the hindered mass-transfer region, which is indicative of the
change of film composition during prepolarization. The change
in capacitive contribution due to diffusion of thiocholine ions
into the film is adjusted through the Zinf value, and hence no
separate component has been included in the equivalent circuit.
The thiocholine ion diffusion coefficients found were 1.00 ×
10−6 and 1.00 × 10−8 cm2 s−1, respectively, for the normal and
polarized case. The corresponding electron diffusion coef-
ficients were found to be 1.00 × 103 and 1.00 × 106 cm2 s−1,
respectively.

3.3.5. By Direct Impedance Measurement Method. The
minimum Warburg impedance was calculated from the Nyquist
plot using the equation (eq 6),16 followed by its modified form
eq 7.

Figure 6. Experimental (*) and theoretical (○) impedance spectra of the film-modified electrode in 0.0353 mM thiocholine solution. (A)
Impedance spectra in normal condition and (B) impedance spectra recorded after subjecting the film to polarization. Impedance was recorded in the
same thiocholine solution where the prepolarization was applied. The parameters were (A) Rs = 70.00 Ω, Ce = 1.00 × 10−3 mF, Ci = 1.00 × 10−2 mF,
Re = 140.00 Ω, Ri = 200.00 Ω, Rp = 1.00 Ω, Zinf =630.00 Ω, De =1.00 × 103 cm2 s−1, Di = 1.00 × 10−6 cm2 s−1; (B) Rs = 86.00 Ω, Ce = 8.00 × 10−3

mF, Ci = 0.20 mF, Re = 210.00 Ω, Ri = 165.00 Ω, Rp = 3.00 Ω, Zinf =500.00 Ω, De =1.00 × 106 cm2 s−1, Di = 1.00 × 10−8 cm2 s1.

Figure 7. Equivalent circuit for the impedance model. Rs, Solution resistance; Re, metal/film interfacial charge transfer resistance to the electrons; Ri,
film/electrolyte interfacial resistance to the ions; Rp, resistance of the bulk film; Ce, double-layer capacitance of the metal/film interface; Ci, double
layer capacitance of the film/electrolyte interface; Zinf, resistance due to distributed elements.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b01383
J. Phys. Chem. B 2015, 119, 4749−4757

4754

http://dx.doi.org/10.1021/acs.jpcb.5b01383


From the experimental value of the impedance correspond-
ing to the lowest Warburg region in the Nyquist plot, the
diffusion coefficients were calculated and found to be 1.75 ×
10−4 and 1.35 × 10−3 cm2 s−1, respectively, for normal and
polarized cases.
Table 1 shows a comparison of the diffusion coefficient

values calculated by using the two most commonly used
methods for chronoamperometric determination of diffusion
coefficient, namely the Cottrell and the ESCR. As mentioned in
Section 3.3.1, the Cottrell method has been classified as
Cottrell A and B based on the process of application. Under
normal conditions Cottrell A and B each gave two sets of values
for pre- and post-peak regions. Both values ranged from 10−9 to
10−8 with some variation in magnitude, but ESCA gave a steady
value of 5.32 (±0.03) × 10−7 cm2 s−1. Cottrell values are lower
than ESCR. Under forced conditions, Cottrell A gave two sets
of values ranging from 10−7 to 10−8, but both Cottrell B and
ESCR gave steady values of order 10−6 and 10−7, respectively.
Unlike the normal case, here the post-peak Cottrell values are
higher than ESCR. From a comparison of the D values
calculated by different methods (Table 2), it is clear that for
normal diffusion ESCR-based value is closer (5.32 × 10−7 cm2

s−1) to the Vortynstev’s impedance-based method (1.00 × 10−6

cm2 s−1). It implies that under normal type of diffusion the
ESCR method is more reliable than other three methods.

Under polarized conditions the diffusion coefficient obtained
from Vortynstev’s method is 1.00 × 10−8 cm2 s−1. The
magnitude-wise Cottrell A value in the prepeak region is more
close to this impedance-based value. So, it has been concluded
that under normal conditions the ESCR method and under
polarized conditions the Cottrell A methods are the alternate to
the impedance-based method for determination of the diffusion
coefficient of thiocholine in the PPy composite film.
Then, the obvious question is why two different methods and

two different time zones become necessary for obtaining the
correct diffusion value of the ion? The answer is the conclusion
that the two conditions, normal and polarized, resulted into two
distinctly different types of diffusions. In the former case, the
diffusion is in the film electrolyte double layer with diffusion
direction from the solution side toward the film, while in the
latter case the diffusion is that of oxidized thiocholine molecules
inside the film and toward the solution side from the film. The
oxidation of prediffused thiocholine molecules occurs immedi-
ately after the final potential in the prepolarized case, and hence
in this case the short time range is crucial for determination of
the diffusion coefficient. This also supports the applicability of
Cottrell equation for the purpose because here true charge
decay occurs immediately after the final potential that falls in
line with the Cottrell hypothesis. In the normal case it takes
certain time for stabilization or proper orientation of the
anionic (phosphate anion) sheet of the double layer, that is,
until the disturbance due to the increasing charging current is
stabilized at the peak. So here the true diffusional behavior can
be seen only after the peak. This is why the ESCR model that
allows diffusion calculation after this period (termed as
relaxation period) is able to give good results in the normal
case.
Under polarized conditions the diffusion coefficient obtained

from impedance measurement is 1.00 × 10−8 cm2 s−1, which is
much lower than the diffusion coefficient value obtained under
normal conditions (1.00 × 10−6 cm2 s−1). This also supports
the previously described conclusion of two different types of
diffusion associated with the two processes (normal and
polarized). In the polarized case, the diffusion is hindered
diffusion inside the film, and hence a low diffusion is observed.
In the normal case the diffusion is mostly at the interface and
hence less hindered, resulting in a high value of diffusion
coefficient.
Thus, based on Vortynstev’s method the thiocholine

diffusion coefficient in the prepared composite film of
polypyrrole, enzyme, gelatin, and gluteraldehyde is concluded
to be 1.00 × 10−8 cm2 s−1, and the same in the film/electrolyte
boundary is 1.00 × 10−6 cm2 s−1. The latter value is almost the
same with the reported value of 1.7 × 10−6 cm2 s−1 in ref 4 and
0.6 × 10−6 cm2 s−1 in ref 5, both determined through Cottrell
method but in a matrix not having electroactive polymer. A
lower value of 2.3 × 10−7 cm2 s−1 was obtained by Turdean et
al. in the polymer matrix consisting of polyvinyl alcohol and
styrilpyridinium ion (PVA-SBQ) through RDE measurement.21

The method of Peerce and Bard gave a value of 1.83 × 10−8

cm2 s−1 in the polarized case, which is even more closure to the
impedance-based method when the calculation was done with a
solution of molarity 0.0353 mM; however, when the
concentration is different the deviation of experimental and
theoretical curve becomes greater (Figure.S3 in Supporting
Information), resulting in significant deviation of the diffusion
coefficient from the impedance-based value. Moreover, in the
normal case the value obtained was lower than the impedance-

Table 2. Comparison of Diffusion Coefficients Obtained by
the Various Methods with 0.0353 mM Thiocholine

TCh
polarization

type method

ionic diffusion
coefficient (Di)

cm2 s−1

electron diffusion
coefficient (De)

cm2 s−1

normal Cottrell Aa 3.45 (±0.01) × 10−9

(pre peak region)
3.66 (±0.2) × 10−8

(post peak region)
Cottrell Ba 4.40 (±0.10) × 10−9

(pre peak region)
2.48 (±0.04) × 10−8

(post peak region)
ESCRa 5.32 (±0.03) × 10−7

Peerce and
Bard

1.31 × 10 −8

Vortynstev
method

1.00 × 10−6 1.0 × 103

direct
impedance
measurement

1.75 × 10−4

polarized Cottrell Aa 2.82 (±0.02) × 10−8

(pre peak region)
4.60 (±0.12) × 10−7

(post peak region)
Cottrell Ba 1.54 (±0.04) × 10−6

(pre peak region)
2.58 (±0.03) × 10−6

(post peak region)
ESCRa 1.94 (±0.03) × 10−7

Peerce and
Bard

1.83 × 10−8

Vortynstev
method

1.00 × 10−8 1.0 × 106

direct
impedance
measurement

1.35 × 10−3

aValues shown are the average value calculated in three different time
zones.
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based method. Therefore, this method, although it gives an
excellent value of diffusion coefficient in electro-inactive
polymer, it may not be the right choice for electroactive
polymer like polypyrrole. The direct impedance measurement
method gave an exceptionally high value, indicating its
mismatch with the situation of application.
3.4. Mechanism of Thiocholine Diffusion. It has been

attributed that the thiocholine cation forms a compound ion
with the phosphate anion through weak electrostatic inter-
action, whereby the positive charge on the nitrogen atom is
neutralized by one of the negative charges of the phosphate
anion. The compound ion thus acquires a dinegative character.
Under the influence of positive polarization the compound ion
with its negative head moves toward the electrode, and the
phosphate end of the ion enters in to the bulk of the film while
keeping the thiocholine moiety mostly toward the outside of
the film. Under negative polarization the situation becomes
reversed; the thiocholine moiety gets more inside the film,
leaving the phosphate group at the surface. At the extreme of
strong polarization, the thiocholine unit becomes detached
from the phosphate group. The situation is represented in
Scheme 1.

4. CONCLUSIONS
We have compared the performance of five different methods
used for the evaluation of the diffusion coefficient from
chronoamperometric data taking Vortynstev’s impedance-based
method as the benchmark and for the system of thiocholine
diffusion in an enzyme-loaded polypyrrole composite film. For
the normal type of diffusion in which the diffusion is basically at
the film electrolyte interface, ESCR method can be reliably
applied for calculation of diffusion coefficient, but for the
calculation of diffusion coefficient inside the film that can be
studied under prepolarized conditions, Cottrell method A is
found to be more suitable. The diffusion coefficient of
thiocholine in the enzyme-loaded PPy composite film and
from an electrolytic background of phosphate buffer of pH 7.4
is 1.00 × 10−8 cm2 s−1, and the same for thiocholine diffusion at
the film/electrolyte boundary is 1.00 × 10−6 cm2 s−1.
The work has implied that it is important to specify diffusion

type (in film and in solution) while calculating diffusion
through chronoamperometric method. This philosophy was
rightly taken care of in the work of Peerce and Bard, although
the method has the drawback of concentration dependency. In
most of the recent work, this point is ignored. A modified
diffusion equation with initial derivation along the same line as
that of Peerce and Bard is expected to provide a very effective
diffusion equation that can distinguish between film diffusion
and solution diffusion.
The mechanism of positive ion (thiocholine) diffusion into a

positively polarized matrix is attributed to the migration of a
dinegative ion pair formed between thiocholine and PO4

3−

through electrostatic interaction.
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