









	
 Home

	 Add Document
	 Sign In
	 Create An Account














[image: PDFKUL.COM]






































	
 Viewer

	
 Transcript













Development and Optimization of Gold Nanoparticle-Modified Carbon Electrode Biosensor for Detection of Listeria monocytogenes



Leila Musavi Entry to the Stockholm Junior Water Prize 2011 Maine



0    



A bstract In this study, an amperometric immunosensor was developed to rapidly detect Listeria
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BHI: Brain-Heart Infusion



AuNPs: Gold Nanoparticles



BSA: Bovine Serum Albumin



PBS: Phosphate Buffer Saline



CFU/mL: Colony Forming Units per Milliliter



HRP: Horseradish Peroxidase



CV: Cyclic Voltammogram
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Listeria monocytogenes is a potent pathogen that has caused numerous sporadic outbreaks and has fatality rates as high as 30% (Zunabovic et al., 2010). L. monocytogenes is a gram-positive bacterium that causes listeriosis, a group of disorders including septicemia, meningitis (or meningocephalitis), encephalitis, and intrauterine or cervical infections in pregnant women that can lead to spontaneous abortion or stillbirth (FDA, 2003). Because of its multifaceted properties, L.



monocytogenes is able to grow and multiply in a variety of terrestrial and aquatic habitats, even under adverse conditions (Karunsagar et al., 2000 and Zunabovic et al., 2010). Foods that have been reported linked to L. monocytogenes include raw milk, supposedly pasteurized fluid milk, cheeses (especially soft-ripened varieties), ice cream, raw vegetables, fermented raw-meat sausages, raw and cooked poultry, and all types of raw meats (FDA, 2003). L. monocytogenes is an important waterborne pathogen, commonly found in surface waters, lakes, and coastal waters (Dijkstra, 1982 and Colburn et al., 1990). A study done by Watkins and Sleath could detect the organism in every sample of sewage, river water, and industrial effluent examined (1981). L. monocytogenes has been isolated in a wide range of seafood, including smoked fish, mussels, and oysters (Huss et al., 2000). In the United States, it is estimated that 2,500 people become seriously ill with listeriosis each year and 500 die (CDC, 2009). The latest outbreak in the U.S. was in 2010 in Louisiana (CDC, 2010). The traditional method for detection of L. monocytogenes is labor intensive and can take days to complete (Tu et al., 2009). The process requires 24 to 48 hours of culture enrichment, followed by plating on Oxford agar, the preferred selective medium for isolation of L. monocytogenes, and confirmation. Total time for detection is 5 to 7 days (FDA, 2003). ,QWRGD\¶VIDVW-growing food and water industries, the need has arisen for rapid, in situ pathogen detection (Alonso-Lomillo et al., 2010). Therefore, biosensor technology that can provide accurate detection of bacteria in hours or even minutes has been developed as an alternative to traditional methods (Ricci et al ., 2007). This technology relies on biological receptor compounds (antibody, 3    



enzyme, nucleic acid, etc.) and physicochemical or electrochemical transducers in biosensor systems to direct observations of specific biological events and provide high specificity and sensitivity (Palchetti and Mscini, 2008). These methods include the fluorescent-transport system, quartz crystal Au piezoelectric electrode, and plasmon resonance sensor. However, while the detection time was reduced using these biosensors, the expense of the equipment and infrequent instruments would limit applications in the food and water industries (Lin et al., 2008). A screen-printed carbon electrode (SPCE) is a disposable amperometric biosensor that is lowFRVW³RQVLWH´DQGHDV\WRKDQGOH (Renedo et al., 2007). The SPCE relies on a transducer to transfer the rate of a biochemical reaction into a measurable response (Alonso-Lomillo et al., 2010). Analysis of the data collected leads to quantitative knowledge, such as concentration, of the analyte on the electrode. Carbon is an ideal material for an electrode because it is highly chemically inert and provides a wide range of anode working potentials with low electrical resistivity. Carbon also has a very pure crystal structure that provides a high signal-to-noise ratio and low residual currents. For the production of screen-printed carbon electrodes, carbon paste is printed on a matrix through a mask net with a designed pattern (Zhang et al., 2000). SPCE has been widely used for environmental and clinical analysis (Renedo et al., 2007). It has been used in a variety of tests, including the determination of glucose levels and the detection of pesticides, metals, biomolecules, and pathogens (Hart and Wring, 1997). Most pathogen detection using the SPCE is performed through amperometric immunoassays in which the immunoreagents are immobilized on the transducer surface (Lin, et al., 2008). Electrochemical immunosensors use enzyme± labels for either antigen or antibody. The peroxidases, phosphatases, urease and glucose oxidases have been extensively used and proofed to the most popular labels (Renedo et al., 2010). The antigenantibody interaction is then measured by a specific enzyme substrate (Alonso-Lomillo, 2010). The design of metallic nanoparticle-modified SPCE can include gold (Au), platinum (Pt) and silver (Ag), which are of great interest due to their versatile and efficient properties (Renedo et al., 2007). Metallic nanoparticles immobilize antibodies on the electrode in a stable mode and enhance the electrochemical signal by transducing the binding reaction of antigens at antibody-immobilized surfaces (Pingarrón et al., 2008). Lately, gold nanoparticles in particular have been used in immunoassay based biosensors because of their good biological compatibility, excellent conducting capability, and high surface-to-volume ratio (Guo and Wang, 2007). On electrodes, gold nanoparticles (AuNPs) have the
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ability to amplify the detection signal, improve the electron transducer, and reduce the detection limit in electrochemical biosensors (Lin et al., 2008; Cui et al., 2008). This study was designed to explore the ability of a disposable amperometric immunosensor to specifically detect the food and waterborne pathogen Listeria monocytogenes through the optimization of the AuNP-modified SPCE. The objective was to optimize the immobilization protocol for the immunoassay. To do so, different blocking solutions, antibody concentrations, applied potentials were tested. The developed protocol specifically detected the presence of L. monocytogenes, something that had not previously been attempted with AuNP-modified carbon electrode. Furthermore, while hydrogen peroxide is a common enzyme substrate in amperometric methods, this study used a new substrate, a mixture of ferrocene dicarboxylic acid and hydrogen peroxide, to improve the current signal. M aterials and Methods



Apparatus The screen-printed carbon electrode is made from carbon/graphite and silver resin inks, and it contains working and reference/counter electrode areas. The chip was made in Apex Biotechnology Corps (Hsinchu, Taiwan). As shown in Fig. 1, the chip was attached to a holder, which was in turn connected to a PalmSens with PDA. On the holder a switch was pressed down to start the collection of data. The PDA was an HP IPAQ. The PalmSens and PDA were manufactured by Palm Instrument (BZ Houten, Netherlands).



F ig. 1. Apparatus and immunosensing processes of the SPCE.



Reagents and solutions Ethanol (100%) was obtained from Pharmco-Aaper (Brookfield, CT). Sodium citrate (C6H5Na3O7), hydrogen peroxide (H2O2), glycerol, sodium chloride (NaCl), potassium chloride (KCl), 5    



disodium phosphate (Na2HPO4), and monopotassium phosphate (KH2PO4) were purchased from Fisher Scientific (Fair Lawn, NJ). Tween 20, glycine, bovine serum albumin, and glutaraldehyde were REWDLQHGIURP$FURV2UJDQLFV0RUULV3ODLQV1- ¶-Ferrocene-dicarboxylic acid (FeDC) was purchased from Sigma Aldrich (St. Louis, MO). Gold chloride trihydrate (HAuCl4‡+2O) was obtained from RICCA Chemical (Arlington, TX). The first L. monocytogenes antibody and the second L.



monocytogenes antibody labeled with horseradish peroxidase (HRP) were purchased from Meridian Life Science, Inc (Saco, ME). 2,2'-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]- diammonium salt peroxidase (ABTS) substrate was obtained from KPL (Gaithersburg, MD). One time (1X) phosphate buffered saline (PBS) buffer was made by dissolving 8g NaCl, 0.2g KCl, 1.15g Na2HPO4, and 0.2g KH2PO4 in 1 liter ddH2O. One time PBS with 0.05% (v/v) Tween 20 (PBST) was made by mixing 0.5mL Tween 20 with 1000mL 1X PBS. Two point five mM glutaraldehyde was prepared by pipetting 50µL of 25% (v/v) GA into 50mL of 1X PBS. Five mM, 20mM, 50mM, and 100mM FeDC in 3% (v/v) dimethyl sulfoxide (DMSO, Fisher Scientific) were obtained by dissolving 0.0714g, 0.2856g, 0.7140g, and 1.428g of 96% FeDC respectively in 1.5mL 100% DMSO and adding 48.5mL of 1X PBS. The solutions were vortexed to insure the dissolution of FeDC. Sixty seven µM glycine, a blocking solution, was made by dissolving 25.6mg of 98% glycine in 50mL 1X PBS and diluting the solution 100 times. One percent (w/v) bovine serum albumin (BSA), another blocking solution, was made by dissolving 10mg of BSA in 1mL of 1XPBS. Two different substrate solutions were used in the SPCE immunosensing. The first one, 3% (v/v) H2O2 in 1X PBS, was obtained by diluting 30% H2O2 stock solution 10 times. The second substrate solution, 3% H2O2 in 4.5mM FeDC, was prepared by mixing 100µL of 30% H2O2 with 900µL of 5mM FeDC.



Preparation of AuNPs Double distilled water was added to a flask with 10mL of 2.5mM HAuCl4‡+2O until the solution measured 25mL. The HAuCl4‡+2O was heated with stirring until it reached 130°C, at which time the aluminum cap was removed and 3mL of 38.8mM sodium citrate was quickly injected into the flask. The resulting solution became a blackish color, and heating and stirring was continued for approximately 5 minutes until the solution turned red. Then, stirring was stopped and the solution was allowed to cool. To measure the peak absorbance of the AuNPs, a spectrophotometer DU Series500 (Beckman Coulter, CA) was used. The ideal OD520nm value of AuNPs solution is around 1.8-2.5, corresponding to nanoparticles of about 13nm in diameter.



Culturing of microbial samples 6    



L. monocytogenes (ATCC 19115) was obtained from the American Type Culture Collection (ATCC, Manassas, VA) and grown in brain heart infusion broth (BHI, Acumedia Manufacturers, Lansing, MI) for 24 hours at 37°C. The culture used for the optimization of the protocol was 8 log colony forming units (CFU)/mL and the culture used for the Amp tests at three different voltages was 5 log CFU/mL. The viable cell count of the bacteria sample was confirmed by serial dilution with 0.1% (w/v) peptone water (Becton, Dickinson and Company, Spark, MD) and plating on Oxford Agar (OX, Acumedia Manufacturers, Lansing, MI) plates, which is a selective medium for L. monocytogenes.



Cyclic Voltammogram and Amp Test The SPCE is based on an amperometric method, which is the detection of the analyte based on the current produced by an electrochemical reaction. In this study, the electrochemical reaction was the oxidation of a substrate, H2O2. For the oxidation reaction to occur, a potential must be applied to the working electrode. The CV test compares a range of applied potentials to the current produced by the oxidation of the substrate at each potential. In the graph of a CV test, there is an oxidation peak and a reduction peak. The potential at which the oxidation peak occurs is the potential at which the oxidation reaction of H2O2 has reached the greatest rate of electron transfer. The effect of numerous factors, such as concentration and order of chemicals added to the carbon electrode, was carefully examined in this study to find the set of conditions at which the oxidation peak was the greatest. After running several trials, the optimal voltage, the voltage at which the peak value always occurred, was established. The Amp test graphs the current produced by the substrate reaction at a set potential over time. Two sets of information were gathered from the Amp test: the response current, the sum of the current signals collected every 0.1 s during the 50 seconds of the testDQGǻ&XUUHQWWKHGLIIHUHQFHLQUHVSRQVH current when bacteria were present and response current when bacteria were absent (Lin et al., 2008). The antigen-antibody interaction was measured by the enzyme substrate that catalyzed the oxidation of H2O2 (Alonso-Lomillo, 2010). The response current when bacteria are present should be higher than the response current when bacteria are absent, because when there are no bacteria there is no antigenantibody interaction. Therefore, when the correct optimal voltage is chosen and bacteria are present, ǻ&XUUHQWVKRXOGEHSRVLWLYH. In this study, Amp tests were run at the established optimal voltage and two other voltages to confirm the validity of the experimentally determined optimal voltage.



Determination of Substrate Two different substrates were tested during the CV test, 3% H2O2 substrate and 3% H2O2 and 4.5mM FeDC substrate. Using the Self Assembled Monolayer method (SAM) and the optimized 7    



condition obtained in the preliminary study, 4 µL of each of the following substances were added to the working electrode of the SPCE in sequential order: 2.5mM GA, AuNPs (OD520nm=2.675), 20mM FeDC, 1µg/mL anti-L. monocytogenes, 67µM glycine, 8 log CFU/mL L. monocytogenes, and 1µg/mL HRPAnti-L. monocytogenes. After each step, the chips were incubated for 1 hour at 2°C, the chips were washed twice with 100µL PBS and air dried, and the next substance was added. For 1 chip, 20µL of 3% H2O2 substrate was added to the working and reference/counter electrodes. For the other chip, 20µL of 3% H2O2 and 4.5mM FeDC substrate was added to the working and reference/counter electrodes. CV tests with 4 scans at a scan rate 100mV/s were performed on each of the chips immediately after the substrate was added.



Optimal Voltage for Amp Test Chips were assembled as shown in Figure 2. Four µL of each of the following substances were added to the working electrode in the order as they are listed: 2.5mM glutaraldehyde; AuNPs (OD520nm=2.675); 1µg/mL anti-L. monocytogenes; 5mM FeDC; 67µM glycine; 5 log CFU/mL L.



monocytogenes (bacteria were added to only half the chips and the other half were used as controls); 1µg/mL HRP-anti-L. monocytogenes. Each substance was incubated for 1 hour at 2°C. After each substance was added, the chips were washed twice with 100µL PBS and air dried and the next substance was added. After the final incubation and washing step, each chip was connected to the holder. H2O2 and 4.5mM FeDC substrate was added to the chip and allowed to react for 40 seconds at room temperature before the Amp Test was run. Tests were run at applied potentials of 100, 200, and 300mV. Amp tests were also run to verify the effectiveness of the chosen substrate. In this experiment and consequent ones, chips without bacteria were prepared as controls with same procedure as chips with bacteria. Two Amp tests were run with 20µL 3% H2O2 as the substrate-one test for an L.



monocytogenes chip and one test for a nonbacteria chip. On another L. monocytogenes chip and nonbacteria chip, the same procedure was followed with 3% H2O2 and 4.5mM FeDC as the substrate. The substrate was allowed to react for 40 seconds at room temperature before data collection began. Data were collected at 100mV per 0.1s for 50 seconds. 5HVSRQVHFXUUHQWVDQGǻ&XUUHQWVZHUH calculated from the data.
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F ig. 2. A diagram of the SPCE immunoassay.  Concentration of HRP-Anti-L . monocytogenes



To establish the optimal HRP-Anti-L. monocytogenes concentration for the SPCE, enzymelinked immunosorbent assays (ELISA) were tested. 100µL of each substance was added to the wells in the following order: 10 µg/mL anti-L. monocytogenes, 1% BSA, 8 log CFU/mL L. monocytogenes, and 4, 2, 1, 0.5, or 0.25µg/mL HRP-Anti-L. monocytogenes. After each substance was added, the wells were incubated for 1 hour at 2°C. After incubation, each well was washed 3 times with PBST and the next substance was added. When L . monocytogenes was added, two rows were bacteria wells and two rows were nonbacteria. When the second antibody was added, the 5 different concentrations were added to the five different columns. After the incubation of the 2nd antibody, the wells were washed five times with PBST (the last wash remained in the wells 5 minutes before removal). Then 100µL of ABTS substrate was added to each well and allowed to react for 5 minutes as the wells were analyzed in the microplate reader.



Determination of Blocking Solution An experiment was run to determine which blocking solution, 1% BSA or 67µM glycine, SURGXFHGEHWWHUǻ&XUUHQW The order of substances added was: 2.5mM GA, AuNPs (OD520nm=1.719), 10 µg/mL anti-L. monocytogenes, 20mM FeDC, 1% BSA or 67µM glycine, 8 log CFU/mL L.



monocytogenes, and 2µg/mL HRP-Anti-L. monocytogenes (with the nonbacteria chips, no L. monocytogenes was added). Four µL of each substance above was added to the working electrode. After each step, the chips were incubated for 1 hour at 2°C, the chips were washed twice with 100µL PBS and air dried, and the next substance was added. After the incubation of HRP-Anti-L.



monocytogenes, the chips were washed twice with 100 µL PBST to remove excess HRP that could 9    



contribute to background noise. After the chips were air-dried, Amp Tests were conducted at 100 mV using 3% H2O2 and 4.5mM FeDC as substrate. 20µL of substrate was added to the working and reference electrode and allowed to react for 40 seconds before data collection began.



Detection of L. monocytogenes using the Optimal Protocol Three chips were prepared, one with L. monocytogenes, one with E. coli O157:H7, and one without bacteria. The order of substances added was: 2.5mM GA, AuNPs (OD520nm=1.719), 10 µg/mL anti-L. monocytogenes, 20mM FeDC, 1% BSA, 8 log CFU/mL L. monocytogenes or E. coli O157:H7, and 2µg/mL HRP-Anti-L. monocytogenes (with the nonbacteria chip, no bacteria were added). Four µL of each substance above was added to the working electrode. After each step, the chips were incubated for 1 hour at 2°C, the chips were washed twice with 100µL PBS and air dried, and the next substance was added. After the incubation of HRP-Anti-L. monocytogenes, the chips were washed twice with 100 µL PBST to remove excess HRP that could contribute to background noise. After the chips were airdried, Amp Tests were conducted at 100 mV using 3% H2O2 and 4.5mM FeDC as substrate. 20µL of substrate was added to the working and reference electrode and allowed to react for 40 seconds before data collection began. Results and Discussion



Determination of Substrate A complete procedure described in the materials and methods section was done to determine the VXEVWUDWHWKDWSURGXFHGWKHKLJKHUǻ&XUUHQW. CV tests were performed using 3% H2O2 substrate and 3% H2O2 and 4.5mM FeDC substrate. With only H2O2 as the substrate, the graph had no peak (Fig 3a). However, a peak is needed to determine at which voltage the rate of the oxidation reaction is the greatest. Three percent H2O2 and 4.5mM FeDC substrate produced a peak in the CV test because FeDC, an electron mediator, increased the rate of electron transfer during the oxidation reaction (Fig 3b). Therefore, 3% H2O2 and 4.5mM FeDC was chosen as the substrate for future CV and Amp tests.
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F ig. 3. CV tests were performed at a scan rate 100mV/s. (a) The result of a L. monocytogenes chip with 3% H2O2 substrate. (b) The result of a L. monocytogenes chip with 3% H2O2 and 4.5mM FeDC substrate.



Optimal Voltage for Amp Test Of the three voltages applied LQWKH$PS7HVWVP9SURGXFHGWKHJUHDWHVWǻ&XUUHQWDQG therefore was chosen as the optimal voltage (Fig 4). Also, the H2O2 substrate and the H2O2 and FeDC substrate were compared with the Amp test. H2O2 and FeDC substrate proved again to be the better substrate as it produced a much larger ǻ&XUUHQW than only H2O2 substrate did. 60
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F ig. 4. ǻ&XUUHQWLVWKHGLIIHUHQFHLQWKHFXUUHQWUHDGLQJRIWKH L. monocytogenes chip and the current  



 



reading of the nonbacteria chip. D ǻ&XUUHQWVXVLQJ+2O2 and 4.5mM FeDC substrate for Amp tests run at 100mV, 200mV, and 300mV. E ǻ&XUUHQWVXVLQJ+2O2 substrate and using 3% H2O2 and 4.5mM FeDC substrate. The Amp tests were run at 100mV.
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L. monocytogenes. As indicated in Fig. 5, the well with 2µg/mL HRP-Anti-L. monocytogenes produced the strongest color reaction with the ABTS substrate. This signified that the 2µg/mL concentration 11    



produced the most electrons when the HRP reacted with the ABTS. Two µg/mL was therefore chosen as the optimal concentration for HRP-Anti-L. monocytogenes because it would produce a stronger response current in the Amp test.
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F ig. 6. ǻ&XUUHQWVIRUFKLSVZLWK%6$DQG—0JO\FLQHEORFNLQJVROXWLRQV$PSWHVWV were run at 100 mV with 3% H2O2 and 4.5mM FeDC substrate. Nonspecific binding is a problem that could produce high response currents in nonbacteria chips. 1% BSA and 67µM glycine blocking solutions were tested to see which solution would better reduce nonspecific binding of the antibodies. CKLSVZLWK%6$SURGXFHGDKLJKHUǻ&XUUHQWWKDQWKHFKLSVZLWK glycine (Fig 6), so BSA was used as the blocking solution in future experiments.
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L.  monocytogenes L. monocytogenes E.  coli  0157:H7 E. coli O157:H7 F ig. 7. ǻ&XUUHQWRIL. monocytogenes and E. coli O157:H7. Amp tests were run at 100mV



with 3% H2O2 and 4.5mM FeDC substrate. The complete optimize protocol was: 2.5mM GA, AuNPs (OD520nm=1.719), 10 µg/mL anti-L.



monocytogenes, 20mM FeDC, 1% BSA, 8 log CFU/mL L. monocytogenes (target) or E. coli O157:H7 (negative control), and 2µg/mL HRP-Anti-L. monocytogenes. The chip with L. monocytogenes 12    



produced a ODUJHUǻ&XUUHQWWKDQWKHFKLSZLWK E. coli O157:H7, showing that the SPCE can specifically detect the presence of L. monocytogenes. The 100mV optimal voltage established in this study is a new potential for the Amp test. Previously, optimal voltages were found to be in the range of 150-420mV(Wring et al., 1991) and (Sadeghi et al., 1997). The optimal voltage established for the detection of E. coli O157:H7 using SPCE was 300mV (Lin et al., 2008). In the amperometric method of the SPCE, the peak values found in the data from the CV tests represent the highest levels of H2O2 substrate oxidation. In this method of detection, the sensor potential is fixed at a value at which the analyte produces current. The applied potential drives the electron transfer reaction, and the produced current is a direct measure of the rate of electron transfer (Velusamy et al., 2009). Hydrogen peroxide is commonly used as a substrate in amperometric methods due to its high oxidation potential. However, this is the first time an electron mediator, FeDC, has been added to the H2O2 substrate. The addition of FeDC to the substrate not only led to the determination of the optimal voltage but also amplified and stabilized the current signal. The screen-printed carbon electrode is a biosensor that relies on amperometric immunoassay for detection. Previously used as a glucose sensor for diabetic patients, the SPCE is now being developed for the detection of pathogens. The SPCE is an especially favorable biosensor because it retains the sensitivity of traditional methods but is cheap, portable, and rapid (Gasanov et al. 2004). Thus, SPCE carries immense potential for pathogen detection in the food and water industries. There is a rising need for quick and inexpensive detection methods in countries with poor sanitation systems to prevent possible outbreaks of disease. Unlike other costly detection methods, the screen-printed carbon electrode is cheap, on-site, and easy to handle. Once more experiments are done to confirm preliminary results, the SPCE would be ideal for real-world pathogen detection. Applied in the field, the screen printed carbon electrode with the immunosensing assay has the potential to provide rapid and sensitive detection of a variety of food and waterborne pathogens. Conclusions and F uture Wor k 1. The optimal protocol developed could specifically detect L. monocytogenes on the SPCE surface, which produced greater response currents than E. coli O157:H7 and nonbacterial chips. 2. The substrate, applied potential, antibody concentration, and blocking solution determined in the study optimized the immunoassay. 13    
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