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Abstract:



In this paper, a novel amperometric cholesterol biosensor with immobilization of cholesterol oxidase on electrochemically polymerized polypyrrole–polyvinylsulphonate (PPy–PVS) films has been accomplished via the entrapment technique on the surface of a platinum electrode. Electropolymerization of pyrrole and polyvinylsulphonate on the Pt surface was carried out by cyclic voltammetry between −1.0 and +2.0 V (vs. Ag/AgCl) at a scan rate of 100 mV upon the Pt electrode with an electrochemical cell containing pyrrole and polyvinylsulphonate. The amperometric determination is based on the electrochemical detection of H2O2 generated in the enzymatic reaction of cholesterol. Determination of cholesterol was carried out by the oxidation of enzymatically produced H2O2 at 0.4 V vs. Ag/AgCl. The effects of pH and temperature were investigated and optimum parameters were found to be 7.25 and 35 °C, respectively. The storage stability and operational stability of the enzyme electrode were also studied. The results show that 32% of the response current was retained after 19 activity assays. The prepared cholesterol biosensor retained 43% of initial activity after 45 days when stored in 0.1 M phosphate buffer solution at 4 °C.
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1. Introduction


In recent years various types of biosensors have been developed, some of which are already in practical use. Such sensors have been used for different applications, including health care, food and environmental monitoring [1].



Oxido-reductase enzyme electrodes constitute a large group of biosensors, accounting for over 90% of the existing amperometric enzyme-based biosensors. The side product of the flavin-oxidase enzymes reactions is usually hydrogen peroxide, formed by the enzyme-catalyzed oxidation of the analyte by dissolved molecular oxygen [2,3].



Enzyme immobilization onto the electrode surface is a crucial step in assembling amperometric biosensors [4–6]. In recent years, mediators and conducting polymers have been used as a matrix for immobilizing the enzymes [7]. Intrinsically, conducting polymers with conjugated double bonds have been regarded as attractive advanced materials for electronic devices, electrochromic displays, chemical and biochemical sensors, drug release systems, rechargeable batteries and for modifying electrode surfaces for electrical wiring of biomolecules. Different conducting polymers have been used for the immobilization of biomolecules, such as polyacetylene, polythiophene, polypyrrole (PPY), polyindole and polyaniline [7–11]. The PPY–PVS composite membrane has been proven to play a unique role as a “charge controllable membrane” in which the fixed charges are checked electrochemically by an internal electronic state [12,13].



The determination of cholesterol levels is of importance in clinical diagnosis [14] of diseases such as coronary heart disease, myocardial infarction and arteriosclerosis [15,16]. Cholesterol is a sterol found in eggs, meats, yellow cheese, and derivatives [17,18]. Biosensors for cholesterol have been used in biochemical analysis owing to their good selectivity, fast response, low cost, small size and long term stability [17,18]. Most of the literature on cholesterol biosensors has focused on diagnosing disorders [18–21].



The enzymatic reactions in the use of cholesterol oxidase (COx) as a receptor are as follows:
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The cholesterol is oxidized by COx in the presence of oxygen and hydrogen peroxide is produced at the same time. The electrooxidation current of hydrogen peroxide is detected after applying an appropriate potential to the system. The major problem for amperometric detection is the overestimation of the response current due to interferences. Recently, many researchers have mentioned the inclusion of metal nanoparticles with a catalytic effect in polymer modified electrodes to develop biosensor sensibility and to reduce the overpotential applied to the amperometric biosensors [23–28].



Pt is a well-known catalyst that has a high catalytic activity for hydrogen peroxide electrooxidation [29–31]. The amperometric detection of hydrogen peroxide is normally performed anodically (e.g., oxidation at +700 mV with a Pt working electrode), but is drastically influenced by many simply oxidizable interferents typically present in real samples [32–34].



In this paper we report the immobilization of cholesterol oxidase onto PPy–PVS film via an entrapment procedure for determination of free cholesterol. Effects of the immobilization process on kinetic parameters, storage and reuse capability of the enzyme were investigated. The optimum working conditions with respect to the substrate concentrations, the pH and temperature were investigated.




2. Materıal and Methods


2.1. Instrumentation and Reagents


All electrochemical experiments carried out using an Epsilon EC electrochemical analyzer A conventional three-electrode system was equipped with a Pt plate (0.5 cm2) as the working electrode, an Ag/AgCl electrode (3 M KCl) as the reference electrode, and a platinum wire (diameter and length, 1 mm, 4 cm respectively) for the counter electrode. The pH values of the buffer solutions are measured with an ORION Model 720A pH-ionmeter. Temperature control was accomplished with a Grant W14 thermostat. Cholesterol oxidase (EC 1.7.3.3 from Aspergillus niger purified from the microorganism and with an activity of 10 unit mL−1) and cholesterol were purchased from Sigma. Pyrrole and PVS was supplied by Fluka. All other chemicals were obtained from Sigma. All the solutions were prepared using distilled water.




2.2. Preparation of Cholesterol Solution


Cholesterol is soluble in alcohol and also in water in the presence of surfactants. Solutions were prepared daily by dissolving cholesterol in isopropanol, Triton X-100, and the phosphate buffer (pH 7.0). The isopropanol, Triton X-100, phosphate buffer ratio is 10:4:86 by weight [35].




2.3. Preparation of Pt/PPy–PVS Film Electrode


The surface of the Pt plate electrode cleaned according to [36] was covered by the electropolymerization of pyrrole and polyvinylsulphonate [20]. The electrode was immersed in a 10 mL solution of 0.1 M pyrrole and 0.1 M polyvinylsulphonate. The solution was purged with nitrogen in order to remove the oxygen. The electropolymerization of pyrrole upon the electrode surface was performed by the cyclic voltammetric scans between −1.0 and +2.0 V at a scan rate of 100 mV/s. The electrode was washed with buffer solution after the coating process.




2.4. Immobilizaton of Cholesterol oxidase on Pt/PPy-PVS Film Electrode


Pt/PPy-PVS-Cholesterol oxidase film electrode was used against the Pt electrode, which was used as the counter electrode. The reference electrode was composed of Ag/AgCl. Immobilization of cholesterol oxidase was carried out by the physical entrapment approach. The concentrations of pyrrole and polyvinylsulphonate were 0.1 M respectively. 1 mL of COx enzyme (10 U/mL) is added into solution. The solution was then purged by nitrogen for the removal of oxygen before electropolymerization. Electropolymerization was performed in the mode of cyclic voltammetry to immobilize cholesterol oxidase onto the electrode. The scanned voltage range was from −1.0 to +2.0 V with a scanning rate of 100 mV/s. After the fabrication of cholesterol oxidase entrapped polypyrrole film onto the PPy–PVS working electrode was finished, the electrode was rinsed with deionized water to remove the unreacted pyrrole monomer and free cholesterol oxidase. Immobilized enzyme electrode was kept in a refrigerator at the 4 °C in phosphate buffer when it was not in use [15].




2.5. Amperometric Biosensor Measurements


Amperometric response studies carried out in phosphate buffer. Operational stability, storage stability, pH and temperature were determined via application of +0.4 V with respect to Ag/AgCl electrode to detect oxidation current of H2O2. After the background current reached a stable value, cholesterol solution was added to the cell using a micropipette and stirred for 10 min then the resulting current difference was recorded. Researches on operational and storage stability as well as effects of pH and temperature were carried out using 4 × 10−5 M concentration of cholesterol





3. Result and Discussion


In this study, we prepared a new cholesterole biosensor with the entrapment of cholesterol oxidase (COx) on poly(pyrrole)-polyvinylsulphonate (PPy-PVS) composite films. The parameters effecting to the performance of the biosensor were examined.



3.1. The Working Potential


Current differences of H2O2 (0.1 mM) in different potentials (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 V) were measured by using Pt/PPy–PVS electrode and plotted against potential in Figure 1.


Figure 1. The effect of working potential on the response of the biosensor (in the phosphate buffer (pH 7.0) containing 4 × 10−5M cholesterol).
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It is shown that the current of H2O2 increases until a potential of 0.4 V. At higher potential, interferences caused by exogenous substances present in body fluids (e.g., ascorbic acid) [37]. Therefore 0.4 V was used as working potential.




3.2. Effects of pH and Temperature


The enzyme activity drastically depends on temperature and pH since too high or low values may inactivate the enzyme. The pH value depends on the charge of the enzyme and/or of the matrix. The pH change is useful in understanding the association between the structure and functional group of the enzyme. Extreme pH values cause enzyme denaturation. Therefore, the optimum pH values should be defined. The effect of the pH and temperature on response current of the biosensor was determined. Cholesterol oxidase is optimally efficient at 37 °C and pH 7.0 [28]. To determine the optimum pH, an assay was applied by changing the pH between 5 and 9.0 at a constant temperature. The biosensor response was increased as the pH was increased up to pH 7.25 after which it starts decreasing (Figure 2). Immobilized cholesterol oxidase enzyme showed maximum activity at pH 7.25. This value was possible. At extreme pH values the enzyme was denaturated.


Figure 2. The effect of pH on the response of the biosensor (in the phosphate buffer (pH 7.0) containing 4 × 10−5 M cholesterol operating potential is +0.4 V).
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Temperature is an important factor which has a significant effect on enzyme activity. The biosensor response was evaluated at different incubation temperature from 25 to 65 °C. The biosensor response increased up to 25 °C (Figure 3). As illustrated in Figure 3, the current response gradually increased with increasing temperature and reached a maximum at 35 °C. Enzyme can be denaturated after a long incubation period at a temperature of 35 °C. Therefore, the temperature of 25 °C was chosen as working temperature to all further experiments.


Figure 3. The effect of temperature on the response of the biosensor (in the phosphate buffer (pH 7.25) containing 4 × 10−5 M cholesterol operating potential is +0.4 V).
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3.3. Effect of Substrate Concentration on Biosensor


The value of the Michaelis–Menten kinetic parameter (Km), which shows the enzyme–substrate kinetics, was determined by the analysis of the slope of enzymatic reaction. Vmax is the maximum rate for enzymatic reaction. The effect of the substrate concentration on the reaction rate, catalyzed by immobilized ChOx, was studied using varying initial concentration (5 × 10−6−4 × 10−4 M) of cholesterol substrate (Figure 4). Imax and Km (app) were calculated from Lineweaver–Burk plots [34]. With the increase in substrate concentration, there was an increase in amperometric current signal. Kinetic parameters Km (app) and Imax for the enzyme biosensor were detected at constant temperature (25 °C) and pH (pH 7.25) while varying the substrate concentration. Km (app) and Imax were calculated as 40 mM, 1.17 μM/min respectively. Km values for immobilized ChOx presented in the literature are 9.8, 0.41, 2.72 mM [38–40].


Figure 4. The effect of cholesterol concentration upon the amperometric response of the biosenso (Michealis-Menten plot, in the phosphate buffer (pH 7.25), operating potential is +0.4 V, 25 °C).
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The Km value of the system determines the affinity of enzyme for its substrate, with a smaller value of Km indicating increased affinity of enzyme for its substrate. For the fabrication of biosensors, different matrices and methods of immobilization of enzymes were employed, and these could result in different conformational changes in the enzyme structures given that the enzyme kinetics is environment sensitive. Hence, the variation in value of Km could be attributed to these facts [41].




3.4. Operational Stability and Storage Stability


The biosensor was used at optimum activity conditions for 19 activity assays in one day to determine the operational stability. Storage stability of the biosensor was determined by performing activity assays within 45 days. The operational stability was studied by applying activity assay (under optimum conditions) for 19 times in the same day at constant temperature, pH and substrate concentration. At the end of the 19 measurements, the biosensor lost 68 % of its initial activity (Figure 5). The activity assay was applied within 45 days to display the storage stability of immobilized enzyme. As shown in an activity loss of 57% was observed on the 45th day (Figure 6). In general, an enzyme is not stable in aqueous solution during storage and the activity is gradually reduced [30]. The reusability was tested because of its importance for repeated applications in a batch reactor. The main advantage of reusability is to reduce the cost of the treatment.


Figure 5. Measure number of the biosensor (in the phosphate buffer (pH 7.25), operating potential is +0.4 V, 25 °C)
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Figure 6. Storage stabilization of the biosensor (in the phosphate buffer (pH 7.25), operating potential is +0.4 V, 25 °C).
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3.5. Interference Effect


A few common substances found in serum or urine were studied for any interfering effect on the analysis of cholesterol. Known concentrations of ascorbic acid, glucose and paracetamol (acetoaminophen) were added and the results are shown in Table 1. It has been observed that uric acid has been no interfering effects on the analysis of cholesterol. But interfering effects of ascorbic acid, paracetamol and glucose on the analysis of cholesterol were observed. These interferences were almost removed by dilution of solution in cell.



Table 1. Interfering substances on the amperometric response of the biosensor.







	
Interfering substances

	
Concentration

	
Response current of interfering substances (μA)






	
Glucose

	
5 × 10−3(blood)

	
0.063




	
Uric acid

	
1 × 10−4(blood)

	
-




	
Paracetamol (acetaminophen)

	
1 × 10−4(blood)

	
0.602




	
Ascorbic acid

	
1 × 10−4(blood)

	
0.176












4. Conclusions


In this work, cholesterol oxidase was successfully immobilized on a poly(pyrrole)-polyvinylsulphonate (PPy–PVS) composite film. The experimental results showed clearly that the biosensor exhibited good performance in the determination of cholesterol. The cholesterol biosensor has high sensitivity and good selectivity. Operational stability and long term storage stability are good. In addition, PPy–PVS can provide a biocompatible and electrochemical microenvironment for immobilization of enzyme, making this material a good candidate for the fabrication of highly sensitive and selective cholesterol biosensors.







Acknowledgments


We acknowledge the support of this project by Gazi University Research Fund (FEF 05/2008-01).




References


	1. 
Liu, J.; Agarwal, M.; Varahramyan, K. Glucose sensor based on organic thin film transistor using glucose oxidase and conducting polymer. Sens. Actuat. B 2008, 135, 195–199. [Google Scholar]

	2. 
Vidal, J.C.; Garcia-Ruiz, S.; Méndez, P.; Castillo, J.R. Three approaches to the development of selective bilayer amperometric biosensors for glucose by in situ electropolymerization. Analyst 1999, 124, 319–324. [Google Scholar]

	3. 
Vidal, J.C.; Espuelas, J.; Garcia, E.; Castillo, J.R. Amperometric cholesterol biosensors based on the electropolymerization of pyrrole and the electrocatalytic effect of Prussian-Blue layers helped with self-assembled monolayers. Talanta 2004, 64, 655–664. [Google Scholar]

	4. 
Hodak, J.; Etchenique, R.; Calvo, E.J.; Singhal, K.; Bartlett, P.N. Layer-by-layer self-assembly of glucose oxidase with a poly(allylamine) ferrocene redox mediator. Langmuir 1997, 13, 2708–2716. [Google Scholar]

	5. 
Nicolini, C. Molecular manufacturing. In Electronics and Biotechnology Advanced (Elba) Forum Series; Plenum: New York, NY, USA, 1996; Volume 2, pp. 1–270. [Google Scholar]

	6. 
Anicet, N.; Bourdillon, C.; Demaille, C.; Moiroux, J.; Savéant, J.M. Catalysis of the electrochemical oxidation of glucose by glucose oxidase and a single electron cosubstrate: kinetics in viscous solutions. J. Electroanal. Chem 1996, 410, 199–202. [Google Scholar]

	7. 
Çete, S.; Yaşar, A.; Arslan, F. An amperometric biosensor for uric acid determination prepared from uricase ımmobilized in polypyrrole film. Artif. Cells Blood Substit. Biotechnol 2006, 34, 367–380. [Google Scholar]

	8. 
Çete, S.; Yaşar, A.; Arslan, F. Immobilization of uricase upon polypyrrole-ferrocenium film. Artif. Cells Blood Substit. Biotechnol 2007, 35, 607–620. [Google Scholar]

	9. 
Arslan, F. An amperometric biosensor for uric acid determination prepared from uricase immobilized in polyaniline-polypyrrole film. Sensors 2008, 8, 5492–5500. [Google Scholar]

	10. 
Shimidzu, T.; Ohtani, A.; Honda, K. Charge-controllable polypyrrole/polyelectrolyte composite membranes. III: Electrochemical deionization system constructed by anion-exchangeable and cation-exchangeable polypyrrole electrodes. J. Electroanal. Chem 1988, 251, 323–337. [Google Scholar]

	11. 
Li, G.; Wang, Y.; Xu, H. A hydrogen peroxide sensor prepared by electropolymerization of pyrrole based on screen-printed carbon paste electrodes. Sensors 2007, 7, 239–250. [Google Scholar]

	12. 
Chaubey, A.; Gerard, M.; Singhal, M.; Singh, V.S.; Malhotra, B.D. Immobilization of lactate dehydrogenase on electrochemically prepared polypyrrole–polyvinylsulphonate composite films for application to lactate biosensors. Electrochim. Acta 2000, 46, 723–729. [Google Scholar]

	13. 
Karube, I.; Hara, K.; Matsuoka, H.; Suzuki, S. Amperometric determination of total cholesterol in serum with use of immobilized cholesterol esterase and cholesterol oxidase. Anal. Chim. Acta 1982, 139, 127–132. [Google Scholar]

	14. 
Tsai Siao, Y.C.; Chen, Y.; Lee, C.A. Amperometric cholesterol biosensors based on carbon nanotube–chitosan–platinum–cholesterol oxidase nanobiocomposite. Sens. Actuat. B 2008, 135, 96–101. [Google Scholar]

	15. 
Nauck, M.; Marz, M.; Jarausch, J.; Cobbaert, C.; Sagers, A.; Bernard, D.; Delanghe, J.; Honauer, G.; Lehmann, P.; Oestrich, E.; Eckardstein, A.; Walch, S.; Wieland, H.; Assmann, G. Multicenter evaluation of a homogeneous assay for HDL-cholesterol without sample pretreatment. Clin. Chem 1997, 43, 1622–1629. [Google Scholar]

	16. 
Brahim, S.; Narinesing, D.; Guiseppi-Elie, A. Amperometric determination of cholesterol in serum using a biosensor of cholesterol oxidase contained within apolypyrrole–hydrogel membrane. Analyt. Chim. Acta 2001, 448, 27–36. [Google Scholar]

	17. 
Ram, M.K.; Bertoncello, P.; Ding, H.; Paddeu, S.; Nicolini, C. Cholesterol biosensors prepared by layer-by-layer technique. Biosens. Bioelectron 2001, 16, 849–856. [Google Scholar]

	18. 
Moraes, M.L.; de Souza, N.C.; Caio, O.H.; Marystela, F.; Ubirajara, P.; Rodrigues, F.; Antonio, R., Jr.; Valtencir, Z.; Osvaldo, N.O., Jr. Immobilization of cholesterol oxidase in LbL films and detection of cholesterol using ac measurements. Mater. Sci. Eng. C 2009, 29, 442–447. [Google Scholar]

	19. 
Yang, M.H.; Yang, Y.; Yang, H.F.; Shen, G.; Yu, R.Q. Layer-by-layer self-assembled multilayer films of carbon nanotubes and platinum nanoparticles with polyelectrolyte for the fabrication of biosensors. Biomaterials 2006, 27, 246–255. [Google Scholar]

	20. 
Vidal, J.C.; Garcia-Ruiz, E.; Espuelas, J.; Aramendia, T.; Castillo, J.R. Comparison of biosensors based on entrapment of cholesterol oxidase and cholesterol esterase in electropolymerized films of polypyrrole and diaminonaphthalene derivatives for amperometric determination of cholesterol. Anal. Bioanal. Chem 2003, 377, 273–280. [Google Scholar]

	21. 
Bongiovanni, C.; Ferri, T.; Poscia, A.; Varalli, M.; Santucci, R.; Desideri, A. An electrochemical multienzymatic biosensor for determination of cholesterol. Bioelectrochemistry 2001, 54, 17–22. [Google Scholar]

	22. 
Yamato, H.; Koshiba, T.; Ohwa, M.; Wernet, W.; Matsumura, M. A new method for dispersing palladium microparticles in conducting polymer films and its application to biosensors. Synth. Met 1997, 87, 231–236. [Google Scholar]

	23. 
Arjsiriwat, S.; Tanticharoen, M.; Kirtikara, K.; Aoki, K.; Somasundrum, M. Metal-dispersed conducting polymer-coated electrode used for oxidase-based biosensors. Electrochem. Commun 2000, 2, 441–444. [Google Scholar]

	24. 
Hrapovic, S.; Liu, Y.; Male, K.B.; Luong, J.H.T. Electrochemical biosensing platforms using platinum nanoparticles and carbon nanotubes. Anal. Chem 2004, 76, 1083–1088. [Google Scholar]

	25. 
Ren, X.; Meng, X.; Tang, F. Preparation of Ag–Au nanoparticle and its application to glucose biosensor. Sens. Actuat. B 2005, 110, 358–363. [Google Scholar]

	26. 
Becerik, I.; Kadirgan, F. Electrocatalytic properties of platinum particles incorporated with polypyrrole films in D-glucose oxidation in phosphate media. J. Electroanal. Chem 1989, 436, 189–193. [Google Scholar]

	27. 
Huang, H.; Yuan, Q.; Yang, X. Preparation and characterization of metal-chitosan nanocomposites. Colloid Surf. B: Biointerfaces 2004, 39, 31–37. [Google Scholar]

	28. 
Vidal, J.C.; Garcia-Ruiz, E.; Castillo, J.R. Strategies for the improvement of an amperometric cholesterol biosensor based on electropolymerization in flow systems: use of charge-transfer mediators and platinization of the electrode. J. Pharm. Biomed. Anal 2000, 24, 51–63. [Google Scholar]

	29. 
Domínguez Sánchez, P.; Tunon Blanco, P.; Fernández Alvarez, J.M.; Smyth, M.R.; O’Kennedy, R. Flow-injection analysis of hydrogen peroxide using a horseradish peroxidase-modified electrode detection system. Electroanalysis 1990, 2, 303–308. [Google Scholar]

	30. 
Hendji, A.N.; Bataillard, P.; Jaffrezic-Renault, N. Covalent immobilization of glucose oxidase on silanized platinum microelectrode for the monitoring of glucose. Sens. Actuat. B 1993, 15, 127–134. [Google Scholar]

	31. 
Hall, S.B.; Khudaish, E.A.; Hart, A.L. Electrochemical oxidation of hydrogen peroxide at platinum electrodes. Part V: inhibition by chloride. Electrochim. Acta 2000, 45, 3573–3579. [Google Scholar]

	32. 
Karyakin, A.A. Prussian Blue based nano-electrode arrays for detection of H2O2 with advanced analytical performances. Electroanalysis 2001, 13, 813–819. [Google Scholar]

	33. 
Gooding, J.J.; Hibbert, D.B. The application of alkane thiol self-assembled monolayers to enzyme electrodes. TRAC Trends Anal. Chem 1999, 18, 525–533. [Google Scholar]

	34. 
Vidal, J.C.; Espuelas, J.; Garcia-Ruiz, E.; Castillo, J.R. Amperometric cholesterol biosensors based on the electropolymerization of pyrrole and the electrocatalytic effect of Prussian-Blue layers helped with self-assembled monolayers. Talanta 2004, 64, 655–664. [Google Scholar]

	35. 
Yapar, E.; Kayahan, S.K.; Bozkurt, A.; Toppare, L. Immobilizing cholesterol oxidase in chitosan–alginic acid network. Carbohydr. Polym 2009, 76, 430–436. [Google Scholar]

	36. 
Cochet, M.; Maser, W.K.; Benito, A.M.; Callejas, M.A.; Martínez, M.T.; Benoit, J.M.; Schreiber, J.; Chauvet, O. Synthesis of a new polyaniline/nanotube composite: in-situ polymerisation and charge transfer through site-selective interaction. Chem. Commun 2001, 1, 1450–1451. [Google Scholar]

	37. 
Zhang, Y.; Wen, G.; Zhou, Y.; Shuang, S.; Dong, C.; Choi, M.M.F. Development and analytical application of an uric acid biosensor using an uricase-immobilized eggshell membrane. Biosens. Bioelectron 2007, 22, 1791–1797. [Google Scholar]

	38. 
Tan, X.; Li, M.; Cai, P.; Luo, L.; Zou, X. An amperometric cholesterol biosensor based on multiwalled carbon nanotubes and organically modified sol-gel/chitosan hybrid composite film. Analyt. Biochem 2005, 337, 111–120. [Google Scholar]

	39. 
Singh, S.; Chaubey, A.; Malhotra, B.D. Amperometric cholesterol biosensor based on immobilized cholesterol esterase and cholesterol oxidase on conducting polypyrrole films. Analyt. Chim. Acta 2004, 502, 229–234. [Google Scholar]

	40. 
Wang, H.; Mu, S. Bioelectrochemical characteristics of cholesterol oxidase immobilized in a polyaniline film. Sens. Actuat. B 1999, 56, 22–30. [Google Scholar]

	41. 
Arya, S.K.; Prusty, A.K.; Singh, S.P.; Solanki, P.R.; Pandey, M.K.; Datta, M.; Malhotra, B.D. Cholesterol biosensor based on N-(2-aminoethyl)-3-aminopropyl-trimethoxysilane self-assembled monolayer. Analyt. Biochem 2007, 363, 210–218. [Google Scholar]





















© 2009 by the authors; licensee MDPI, Basel, Switzerland This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
20

30

40 50
Temperature (°C)

60

70





nav.xhtml


  sensors-09-06435


  
    		
      sensors-09-06435
    


  




  





media/file11.png
0,8

0,6

0,4

Ai{ pA)

0,2

20

40 60

Time ( Days)

&80

100





media/file1.png
L1(pa)

12

10

0,4
Potential (V)

0,6

0,8





media/file2.png





media/file7.png
10 20 30 40
Concentration of Cholesterol 102 nM)

50





media/file9.png
A1(nA)

0,5

0,4

0,3

0,2

0,1

8 12

Operation numb er

16

20





media/file10.png
0,8

0,6

0,4

Ai{pA)

0,2

20

40 60

Time { Days)

80

100





media/file5.png
21 (nA)

20

30

40 S0
Temperature (°C)

60

70





media/file12.png





media/file3.png
(yn) 17





media/file0.png
Ai(pa)

12

10

0,4
Potential (V)

0,6

0,8





media/file8.png
Al (nA)

0,5

0,4

0,3

0,2

0,1

8 12

Operation number

16

20





media/file6.png
08

A1 (nA)

02

10 20 30 40
Concentration of Cholesterol 102 (M)

50





