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Graphite-epoxy composites as a new transducing material for electrochemical genosensing M. Isabel Pividori 1, Arben Merkoc¸i, Salvador Alegret * Grup de Sensors i Biosensors, Departament de Quı´mica, Universitat Auto`noma de Barcelona, 08193 Bellaterra, Catalonia, Spain Received 29 October 2002; received in revised form 19 May 2003; accepted 30 June 2003



Abstract The use of a rigid carbon-polymer composite material as an electrochemical transducer in hybridisation genosensors is reported. Graphite-epoxy composites (GEC) have an uneven surface where DNA can be adsorbed using a simple dry-adsorption procedure. Single-stranded-DNA binds strongly to GEC in a way that prevents the strands from self-associating, while permitting hybridisation with complementary DNA. Hybridisation has been detected through biotin /streptavidin interaction using a streptavidin conjugated to horseradish peroxidase. Non-specific adsorption onto GEC is almost non-existent even when the surface has not been treated by blocking reagents. The analytical signal obtained was higher when compared with other electrochemical genosensors. Results can be achieved in 150 min, and the detection limit is in the order of fmol. Additionally, surface regeneration is possible using a simple polishing procedure, allowing for multiple use. The new genosensor based on GEC fulfils the requirements desired for these devices: ease of preparation as dry-adsorption of DNA is very simple and easily automated, robustness, sensitivity, low cost of production, ease of miniaturisation and simple use and fast response. Additionally, it can be used for field measurements and can be produced as a genosensor kit. Also, this material can be implemented for screen-printing procedures for the mass production of genosensors. The utility of the genosensor based on GEC is also illustrated with the detection of a sequence related to novel determinant of blactamase resistance in Staphylococcus aureus . # 2003 Elsevier B.V. All rights reserved. Keywords: Graphite-epoxy composite; Hybridisation genosensor; Amperometric DNA biosensor; Enzyme labelling; Nylon membrane



1. Introduction The growing demand for genetic information in increasingly varied fields has generated new methodologies for DNA analysis. Genosensors (or DNA biosensors) are devices combining a biological recognition agent single-stranded-DNA (ssDNA called DNA probe), with a transducer. The former provides selectivity while the latter provides sensitivity and the conversion of the recognition event (hybridisation) to a measurable signal (Mikkelsen, 1996). The Human
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genome project (HGP) (International Human Genome Sequencing Consortium, 2001) has stimulated the development of analytical methods that yield genetic information quickly and reliably. An example of this development is the DNA chip (McGall, 1997; Bowtell, 1999; Collins, 1999; Lander, 1999) and, in the near future, labs-on-a-chip based on micro fluidic techniques (Sanders and Manz, 2000; Wang, 2000). Evidence of the success of the DNA chip can be seen in situations where numerous parallel analyses are required. Also, the knowledge obtained from the HGP has expanded the market, which requires genetic devices, hence, generating new applications. However, this expanding market is not contradictory to simple, cheap and easy to use analytical devices */ especially for industrial applications. Some genosensor designs are are based on optical methods, such as optical fibres (Piunno et al., 1995), surface-plasmon resonance (Bondeson et al., 1993),
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resonating mirror (Watts et al., 1995), or piezoelectric (Fawcett et al., 1988) methods like acoustic wave devices and quartz-crystal microbalances (Yang et al., 1997). However, it has become apparent that amongst the range of genosensors available, those based on electrochemical transduction / particularly on amperometry / show clear advantages including speed, robustness, low cost, sensitivity, potential for mass production and miniaturisation of the associated instrumentation. From a recent review of currently available analytical methods in DNA electrochemical genosensing (Pividori et al., 2000), several factors have become apparent. Firstly, carbonaceous materials / carbon paste and glassy carbon (Carter et al., 1989; Millan et al., 1992; Wang et al., 1996b) / and gold (Nuzzo and Allara, 1983; Hashimoto et al., 1994a) are the most popular and successful choice of transducer materials. Secondly, the most successful immobilisation techniques for DNA appear to be those involving covalent immobilisation (Millan et al., 1992; Livache et al., 1994; Liu et al., 1996; Moser et al., 1997) and physical (Fojta and Palecˇek, 1997; Hashimoto et al., 1994b; Oliveira Brett et al., 1997; Mishima et al., 1997; Xu et al., 2001) or electrochemical (Wang et al., 1996b) adsorption. The former is due to favourable hybridisation kinetics while the latter two are due to simplicity and low cost. The third fact, which has become apparent */according to our experience */is that there are a number of shortcomings associated with methods for the detection of the hybridisation event in existing electrochemical genosensors. They are based mostly on electroactive indicators (Millan et al., 1992; Carter et al., 1989; Wang et al., 1996b; Hashimoto et al., 1994b; Mishima et al., 1997; Wang et al., 1997) and also, to a lesser extent, of the intrinsic oxidation signal from the guanine base of the DNA (Wang et al., 1996a, 1997). An ideal electroactive indicator (mostly metallic complexes and organic ligands containing planar polyaromatic groups) should be able to interact specifically with dsDNA in order for a hybridisation event to be detected. The problem regarding currently available electroactive indicators is their capacity to react nonspecifically with both ssDNA and dsDNA in addition to direct adsorption onto the transducer surface (Hashimoto et al., 1994b). In addition to this non-specific interaction is, the electrochemical signal arising from some electroactive indicators is small producing genosensors with low sensitivity. Nonetheless, intense research exists to develop or identify new electroactive indicators that are capable of discriminating between ds and ss DNA (Takenaka et al., 1998). Other research efforts focusing on the covalent functionalisation of probes using electroactive groups (Takenaka et al., 1997; Xu et al., 2001). Detection based on the intrinsic oxidation signal from guanine is not convenient since upon hybridisation the electrochemical signal decreases,



hence, compromising the sensitivity (Wang et al., 1997; Pividori and Alegret, 2003). Another alternative is to use an enzyme labelling technique, based on the ssDNA-biotin/streptavidinHRP system. This non-radioactive labelling has been widely used in classical detection methods based on optical detection (Kricka, 1992). Although the enzyme horseradish peroxidase (HRP) has been well characterised and used for a wide range of sensing applications (Santandreu et al., 1997) its use in genosensors is still limited when compared to other methods (De LumleyWoodyear et al., 1999; Azek et al., 2000; Pividori et al., 2001a,b). For classical DNA analytical methods nylon membranes are a common choice due to their mechanical and chemical properties (Reed and Mann, 1985). This support has been adapted to new analytical set-ups and its used now to build DNA chips (Cheung et al., 1999; Duggan et al., 1999; Henry, 1999). Immobilisation, hybridisation and enzyme labelling protocols using this support are well-known, they have been extensively described in the literature and are used extensively in genetic analysis laboratories (Reed and Mann, 1985). For all the above reasons, we built amperometric genosensors with changeable membranes with DNA immobilised by physical adsorption on nylon membranes. Hybridisation was detected with a labelling system using the HRP-streptavidin conjugate, following well-known protocols. For the first time a nylon membrane modified with DNA was integrated to a transducer based on graphite-epoxy composite (GEC) to detect the hybridisation event (Pividori et al., 2001a,b) using different gene sequences in several formats (dot-blot, competitive, and simple, double and multiple recognition). By comparing the electrochemical behaviour of different transducers such as glassy carbon, graphiteepoxy-nylon and graphite-epoxy materials, it was evident that the latter showed the highest sensitivity (Pividori et al., 2001b). Compared to glassy carbon (a transducer widely used in electrochemical genosensors), the higher sensitivity of the GEC can be explained by its higher porosity and by its microelectrode array behaviour (Alegret, 1996). Compared to the graphite-epoxynylon transducer, it is evident that the nylon membrane acts as a diffusion barrier to the electroactive species, resulting in a reduction in sensitivity (Pividori et al., 2001b). Rigid conducting graphite-polymer composites and biocomposites have been extensively used in our laboratories for electrochemical biosensing (Alegret, 1996; Ce´spedes et al., 1996). In the present work GEC transducers for the development of amperometric genosensors are studied for the first time and prove straightforward to build and easy to use.
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DNA is immobilised directly on the rigid composite by simple dry-adsorption. Hybridisation is achieved with biotinylated probes and enzyme label is realised using a system based on a HRP-streptavidin conjugate. Measuring the amount of HRP bound to the DNA duplex is a way of detecting the hybridisation. Once used, a simple polishing regenerates the surface of the transducer. The results obtained are comparable to those produced with a widely characterised and used surface in classical genetic assays: nylon membrane. In this case the same adsorption, hybridisation and enzyme labelling procedures are used, but the nylon membrane is integrated to the graphite-epoxy transducer in a genosensor scheme with interchangeable membranes. The genosensor based on GEC meets the demands for genetic analyses in some applications (mainly in the food, biotechnology and pharmaceutical industries) while opening new roads to the design of genosensors that are robust, low cost and easily produced.



2. Materials and methods 2.1. Instrumentation Amperometric measurements were performed with a LC-4C Amperometric Controller (BAS Bioanalytical System Inc., USA). A three-electrode set-up was used comprising a platinum auxiliary electrode (Crison 52-67 1, Spain), a double junction Ag/AgCl reference electrode (Orion 900200) with 0.1 M KCl as the external reference solution and a working electrode (the genosensor). The amperometric signal was also measured with a LC-3C portable amperometric unit (BAS Bioanalytical Systems Inc.). Temperature-controlled incubations were done in an Eppendorf Thermomixer 5436. 2.2. Chemicals and solutions Composite electrodes were prepared using 50 mm particle size graphite powder (BDH, UK) and Epotek H77 resin and hardener (both from Epoxy Technology, USA). The nylon membranes integrated to the GEC electrode were HYBONDTM N(/) (Amersham, UK) (Reed and Mann, 1985). The poly(dA) (polyadenylic acid sodium salt) (5 U, PM 91900 g/mol, approximately 260 mer) was supplied by Sigma. dT(50)-biotin was obtained from MWGBIOTECH (Germany). For the interference assays and the non-specific interaction studies, Salmon testes DNA (11 mg/ml) from Sigma was used as well as a 50 mer oligonucleotide (MWG-BIOTECH):
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5?-CAG CAA ATG GGA ACT CTA ATG GAG ATT TTT CCA AAC AAA ATA TAG ATA TT-3?. For the detection of a novel determinant of blactamase resistance in Staphylococcus aureus study, the oligomer sequences were as below (TIB-MOLBIOL, Germany): Target unique to a novel determinant of b-lactamase resistance in S. aureus (the accession number for this sequence obtained from the Gene Bank of the National Center for Biotechnology Information is AF077865). 5?-CAG CAA ATG GGA ACT CTA ATG GAG ATT TTT CCA AAC AAA ATA TAG ATA TT-3?. Complementary biotinylated probe: biotin-5?-AAT ATC TAT ATT TTG TTT GG-3?. The hybridisation (10 / SSC, 2/ Denhardt’s, 200 mg/ml chloroform extracted salmon testes DNA) and prehybridisation (10 / SSC, 10/ Denhardt’s, 200 mg/ ml chloroform extracted salmon testes DNA) solutions (2 / concentrated) were obtained from Sigma. The HRP-streptavidin conjugate was purchased from Roche Biochemicals Diagnostics. Bovine serum albumin (BSA) was purchased from BDH (UK), sodium dodecyl sulphate (SDS), Tween 20, formamide and hydroquinone from Sigma and hydrogen peroxide came from Merck (Germany). All other reagents were of the highest available grade. Aqueous solutions were prepared with double distilled water. The composition of these solutions were: 20/ SSC (3.0 M NaCl, 0.3 M trisodium citrate, pH 7.0); 10 / PBS (1.3 M NaCl, 0.1 M sodium phosphate, pH 7.2); blocking solution (1 / PBS, 2% w/v BSA, 0.1% Tween 20, 5 mM EDTA); post enzyme labelling wash solution (10 mM sodium phosphate pH 6.5, 0.5 M NaCl, 0.05% w/v Tween 20, 0.1% p/v BSA, 1 mM EDTA). 2.3. Construction of the amperometric transducer Graphite powder and epoxy resin were hand-mixed in a 1:4 (w/w) ratio. The resulting paste was placed to a depth of 3 mm in a cylindrical PVC sleeve body (6-mm i.d.) with an electrical contact. The composite material was cured at 40 8C for 1 week (Santandreu et al., 1997). Before each use, the surface of the electrode was wetted with double distilled water and then thoroughly smoothed with abrasive paper and then with alumina paper (polishing strips 301044-001, Orion). The reproducibility of the construction of the sensors based on GEC and the polishing procedure have been reported previously (Pividori et al., 2001b). 2.4. Preparation and optimisation of the genosensors based on GEC The analytical procedure using the proposed amperometric genosensor comprises four steps as seen in Fig. 1:
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Fig. 1. Schematic representation of the experimental procedure for an analytical assay with a genosensor based on a GEC.



(1) immobilisation of the DNA target on the transducer based on dry-adsorption, (2) hybridisation between the DNA target and a complementary DNA probe labelled with biotin, (3) complexation between the biotin-DNA duplex and a HRP-streptavidin enzyme conjugate, (4) amperometric detection using a suitable substrate for the enzyme-labelled duplex. In the first step, DNA target immobilisation was achieved through dry-adsorption on the GEC transducer. Twenty microliter of target ssDNA [poly(dA)] in 10 / SSC solution at a desired concentration was added to the surface of the electrodes as shown in Fig. 2A.



Sensors are then incubated at 80 8C for 45 min. This is followed by brief washing step using 5 / SSC solution thus eliminating adsorbed salts. To achieve hybridisation , a volume of dT(50)-biotin is added (in ml) to the hybridisation solution (diluted to 50% v/v with formamide and with 0.5% SDS) previously equilibrated at 42 8C in 2 ml Eppendorf tubes to attain a final volume of 150 ml. Subsequently, the genosensors are inverted and placed in the hybridisation solution as shown in Fig. 2B with gentle stirring at 42 8C. The genosensors are again washed this time with 150 ml posthybridisation wash solution (2 / SSC, 0.1% p/v SDS) in



Fig. 2. Schematic representation of the manipulation of the genosensors in the assay, (A) in the dry-adsorption step and (B) in the incubation steps (hybridisation, enzyme labelling and washing).
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Eppendorf tubes (as seen in Fig. 2B) for 10 min, using gentle stirring at 42 8C. Afterwards, the genosensors are wetted briefly in 2 / SSC at 20 8C. The third step involves enzyme labelling of the DNA duplex. This labelling is achieved by adding a microliter volume of the enzyme conjugate solution to the blocking solution, which has been previously equilibrated to 42 8C in 2 ml Eppendorf tubes, again the final volume is 150 ml. Like the previous step, the genosensor are stirred gently at 42 8C (Fig. 2B). Finally the genosensors are washed by wetting them briefly with a post enzyme labelling wash solution at 20 8C. The genosensors are preserved in 150 ml of the same solution in Eppendorf tubes until the measurement takes place. In the last step, detection , was done with a threeelectrode amperometric system in 20 ml of buffer phosphate 0.1 M, KCl 0.1 M, pH 7.0 with 1.81 mM of hydroquinone used as a mediator to decrease the applied potential. Hydrogen peroxide was the substrate for peroxidase and was added to a final concentration of 1.06 mM. This concentration of 1.06 mM corresponds to enzyme saturation for each genosensor (Pividori et al., 2001a). The working potential was chosen previously using cyclic voltammetry (Pividori et al., 2001b). The applied potential was /0.100 V vs. Ag/ AgCl reference electrode. Reagent quantities (DNA target, biotinylated probe, HRP-streptavidin) were optimised in the course of the present work. Additionally, the variation of the times involved in each of the preparation steps / dry adsoption (results not shown), hybridisation and enzyme labelling / was studied. Measurements with the genosensors using portable equipment and in the presence of potential interferents were also carried out. Data is given in vertical bar charts, where each bar shows the mean and the standard deviation of the signal values obtained with different replicates of the genosensor.



2.5. Evaluation of non-specific adsorption As in other kind of genosensors, it is important to control and evaluate the background adsorption (Pividori et al., 2001b). To evaluate the non-specific adsorption of the enzyme conjugate and the biotinylated probe, sensors identical to the genosensors were produced, omitting the DNA target immobilisation step. This blank assay evaluates all the adsorption processes producing analytical signals, except hybridisation between the DNA target and its complementary biotinylated sequence.
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2.6. Efficiency of blocking treatments The aim of this study was to determine if the prehybridisation treatment minimises the non-specific adsorption by blocking the free sites on the surface of the sensor and thus producing a higher signal-to-nonspecific adsorption ratio. The same effect was studied for the pre-labelling procedure using a blocking solution prior to enzyme labelling. These studies were done as follows: 2.6.1. Pre-hybridisation treatment Before hybridisation (step 2), the genosensors were placed in Eppendorf tubes with 150 ml of the prehybridisation solution (diluted at 50% v/v with formamide and with 0.5% SDS), and incubated for 1 h at 42 8C with slight agitation. 2.6.2. Pre-labelling treatment using blocking solution Before enzyme labelling (step 3), the genosensors were placed in Eppendorf tubes with 150 ml of the blocking solution, and incubated for 30 min, at 42 8C with slight agitation. Three experiments were done to evaluate the effectiveness of the pre-hybridisation and pre-labelling treatments on the graphite-epoxy transducer. In Experiment 1, the protocol for the genosensors lacked both prehybridisation and pre-labelling steps. While in Experiment 2 the genosensors protocol lacked the pre-hybridisation but the pre-labelling step was included. Lastly, for Experiment 3 the protocol included the pre-hybridisation step but lacked the pre-labelling step. In all cases two different batches of sensors were used, one of genosensors and the other of blank sensors as a control experiment.



3. Results and discussion 3.1. Genosensors based on GEC vs. genosensors with changeable nylon membranes. Evaluation of the nonspecific adsorption Fig. 3A compares the results obtained using a genosensor with a changeable nylon membrane (built with a procedure described previously (Pividori et al., 2001b) and those based on GEC. Times used in the steps (before optimisation) were: 45 min for immobilisation, 240 min for hybridisation and 60 min for enzyme labelling. The results indicate that the proposed genosensors based on GEC give rise to an amperometric signals of the same order of magnitude (and higher, as will be shown later) as those based on the nylon membrane in shorter times. The reason for this shorter time is associated with the removal of the nylon membrane,
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Fig. 3. Comparison of the results obtained using (A) a changeable membrane genosensor (graphite-epoxy/HYBOND) and (B) a genosensor based on the immobilisation of DNA onto a GEC electrode (11.4 pmol of analyte /poly(dA)/, 61.2 pmol of biotinylated probe / dT(50)-biotin/ and 0.49 mg of enzyme conjugate). In both figures, the non-specific adsorption value is shown (in black). Medium: phosphate buffer 0.1 M, KCl 0.1 M, pH 7.0. Mediator: hydroquinone 1.81 mM. Substrate: H2O2 1.06 mM. Potential applied: /0.1 V (vs. Ag/AgCl); n/3.



known to act as a diffusion barrier, therefore enhancing the sensitivity of the electrochemical detection. Another distinguishing feature is the significant reduction in non-specific adsorption by the elimination of the nylon membrane (Pividori et al., 2001b) from the GEC transducer and, hence, an enhanced sensitivity. The nylon HYBOND N(/) membrane is hydrophilic with a positive Z potential in the pH range 2/12, while the enzyme conjugate is negatively charged at the chosen working pH of 7.2. The interactions of the enzyme conjugate with the positively charged membrane are thus electrostatics. However, it is worth noticing that the streptavidin residue has little influence on this effect, as its isoelectric point is 7.2 /7.4 due to the absence of carbohydrates. The GEC is dual in nature, with the polymer matrix, 80% of the composite, being non-polar, while graphite is polar. For reasons explained above, it is plausible that this mainly non-polar, but heterogeneous matrix, can explain the lower non-specific adsorption of the enzyme conjugate when compared with nylon membrane. Other possible explanations for lower non-specific adsorption observed compared to nylon membranes, are porosity and permeability of this type of membranes. Although GEC has also some porosity (Fig. 4), it is relatively impermeable to solvent and solutes. DNA assays made on an impermeable support are more readily considered from a theoretical standpoint: the kinetics of the interactions are not complicated by the diffusion of solvent and solutes into and out of pores or by multiple interactions which can occur once the DNA has entered a pore (Southern et al., 1999). In nylon, liquids penetrate and diffuse among the pores, causing retention of the enzyme conjugate and, hence, increasing the non-specific adsorption. The lower amperometric signal arising from less nonspecific adsorption explains the higher signal-to-non-



Fig. 4. Scanning electron microphotographs of the surfaces of a glassy carbon electrode (A) and a graphite-epoxy electrode (B). Both surfaces were polished as described in the text. The same acceleration voltage (10 kV) and the same resolution (100 and 10 mm, respectively as shown in the figure) were used in both cases.



specific adsorption ratio for genosensors based on graphite-epoxy (S /N /7.6) compared to those based on changeable membranes (S /N /2.7). Additionally the instrumental background noise produces an amperometric signal, 110 nA, similar to that produced by non-specific adsorption, 150 nA. These results are statistically similar. This instrumental background noise was determined using the same GEC transducers used for the genosensor blanks. They were polished and placed in an ultrasonic bath to produce a fresh surface of the GEC. As non-specific adsorption is very low and quite similar to instrumental background noise it was possible to raise the amount of enzyme conjugate in order to increase the sensitivity, and to decrease the hybridisation and enzyme labelling times even further.



3.2. Efficiency of blocking treatments As non-specific adsorption is low and similar to instrumental background noise, it is easy to anticipate that it will not be greatly influenced by pre-hybridisation (60 min) and pre-labelling with a blocking solution (30 min). For all three experiments, the same amounts of reagents were used (see Fig. 5). The times used in the steps prior to their optimisation were: immobilisation, 45 min; hybridisation, 240 min; enzyme labelling, 60 min. As seen in Fig. 5, both the hybridisation signal and the signal from the non-specific adsorption are not significantly altered by these procedures. Therefore, it is possible to keep the overall analysis time to a minimum.
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graphite-epoxy/nylon and produces a higher electrochemical signal at lower hybridisation times. 3.4. Amount of the target DNA



Fig. 5. Evaluation of blocking treatments using a genosensor based on GEC. Experiment 1: without a pre-hybridisation treatment and without pre-labelling with blocking solution. Experiment 2: without a pre-hybridisation step but with pre-labelling using a blocking solution. Experiment 3: with pre-hybridisation treatment but without pre-labelling using a blocking solution. In all experiments the nonspecific adsorption value is shown (in black). Other experimental details as Fig. 3; n/3.



3.3. Hybridisation time The main objective for this experiment is to reduce the overall preparation time of the genosensor by varying the hybridisation time in the course of its preparation. The hybridisation times evaluated were 45, 90, 150 and 240 min. Results are shown in Fig. 6A. For all experiments the same reagent amounts were used. The times used for the other steps were 45 min for immobilisation and 60 min for enzyme labelling. As seen in the Fig. 6A, and in agreement with literature (Gingeras et al., 1987), a hybridisation time of 45 min results in an analytical signal similar to that of longer times (up to 4 h). The faster hybridisation kinetics observed for GEC compared to changeable membrane genosensors may be associated with the rigid impermeable nature of GEC. Since solvent and solutes cannot penetrate the surface of the support, probes can find immediate access to the target nucleic acids without diffusing into pores, as is the case with membranes. Such an effect enhances the rate of hybridisation, although mixing is essential to maximise the rates of hybridisation even with impermeable supports. On the other hand, direct DNA immobilisation on the graphite-epoxy yields a higher electrochemical signal since this transducer is more sensitive than the



The aim of this experiment is to evaluate the effect of varying the amount of the DNA target immobilised in GEC transducer. Genosensors were prepared with varying quantities of poly(dA) immobilised on the GEC transducer, while all other experimental conditions were maintained constant. The times used in the relevant steps were: 45 min for immobilisation, 45 min for hybridisation and 60 min for enzyme labelling. As seen in Fig. 6B, a 10-fold increase of immobilised DNA diminishes the hybridisation signal by almost half. This may be due to two reasons. Firstly, smaller amounts of immobilised DNA on the composite make the nitrogenated bases more available for hybridisation with the complementary biotinylated probe. The same effect was observed in the changeable membrane genosensors (Pividori et al., 2001a). Secondly, as higher DNA quantity absorbed onto to the GEC surface, may result in membrane like behaviour, therefore, reducing the conductivity of the GEC and, hence, affecting the sensitivity. Whatever the case, it is clear that it is not possible to quantify the analyte immobilised on the graphite-epoxy. However, this format can be used for qualitative assays. In this case, the presence of at least 300 fmol of the analyte may be detected following this procedure. On the other hand, the optimal amount of immobilised DNA on the GEC surface is at least ten times lower than the amount needed for graphite-epoxy/ HYBOND */as explained previously due to the impermeable and rigid nature of the GEC. 3.5. Amount of enzyme conjugate The aim of this study is to evaluate the effect of varying the enzyme conjugate concentration between 0.49 and 1.98 mg in the blocking solution. In all cases, the same quantities of biotynilated probe (61.2 pmol)



Fig. 6. (A) Evaluation of the hybridisation time (11.4 pmol of analyte /poly(dA)/, 61.2 pmol of biotinylated probe /dT(50)-biotin / and 0.49 mg of enzyme conjugate) and (B) evaluation of the effect of the target DNA /poly(dA)/ immobilised on the GEC (61.2 pmol of biotinylated probe / dT(50)-biotin/ and 0.49 mg of enzyme conjugate). The non-specific adsorption value is also shown (in black). Other experimental details as in Fig. 3.
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Fig. 7. (A) Evaluation of the effect of varying the amount of enzyme conjugate (HRP-streptavidin) (2.2 pmol of analyte /poly(dA)/ 61.2 pmol of biotinylated probe /dT(50)-biotin/) and (B) evaluation of the time of enzyme labelling (2.2 pmol of analyte /poly(dA)/ 61.2 pmol of biotinylated probe /dT(50)-biotin/ 0.99 mg of enzyme conjugate). In all the experiments, the non-specific adsorption value is shown (in black). Other experimental details as Fig. 3.



and DNA analyte (2.2 pmol) were used, while all other experimental conditions were maintained constant. Fig. 7A, shows that as a result of doubling of the enzyme conjugate in the blocking solution a significant increase, almost double, in the hybridisation signal is observed. Additionally, there is no increase in the signal associated with non-specific adsorption. A further increase in the enzyme conjugate, from 0.99 to 1.98 mg, again results in a doubling of the hybridisation signal, this time there is also a significant increase in the signal associated with non-specific adsorption. In this incidence, the signal-to-non-specific adsorption ratio goes from 10.0 to 4.1 when the enzyme conjugate goes from 0.99 to 1.98 mg. For the subsequent studies the quantity of enzyme conjugate was set at 0.99 mg. 3.6. Time of the enzyme labelling Fig. 7B shows the results of the study on the effect of the enzyme labelling time. The same reagent amounts were used as in previous studies, except for 0.99 mg of enzyme conjugate. All other experimental conditions were maintained constant */as previously optimised. As seen in Fig. 7B, a time of 30 min is sufficient to complete the reaction between the enzyme conjugate and the DNA duplex functionalised with biotin, obtaining a good hybridisation signal. It is worth emphasising that as the genosensor signal increases from 15 to 30 min, non-specific adsorption is kept relatively constant, within this period of time. This data suggests that the increase of non-specific adsorption is due more to the quantity of enzyme conjugate being used rather than the labelling time. If one considers the time required to obtain an enzyme saturation point is 60 min then at it is seen that 70% of the enzyme-labelled hybrids are formed at 15 min, 80% at 20 min and 92% at 30 min. At 40 min the reaction is almost complete (98%). From the above experiments a total assay time of 150 min is sufficient. This time can be detailed in the following manner: . 5 min for the treatment of the transducer,



. . . . .



45 45 10 30 15



min min min min min



for for for for for



immobilisation, hybridisation, post-hybridisation wash, enzyme labelling, amperometric measurement.



3.7. Amount of biotinylated probe in the hybridisation solution Fig. 8 demonstrates the effect of varying the amount of dT(50)-biotin in the hybridisation solution from 23.7 to 757.0 fmol while keeping the quantity of immobilised DNA analyte at 531 fmol and 0.99 mg of HRPstreptavidin. The times used were those optimised above. As seen in Fig. 8, an excellent hybridisation signal is produced with a biotinylated probe content of approximately 750 fmol, as beyond this value there is no significant increase in the analytical signal obtained.



3.8. Determination with a portable meter Fig. 9 shows a comparison between the amperometric signals produced by genosensors with a standard amperometric meter and with a portable instrument, respectively. The times used were those optimised above.



Fig. 8. Evaluation of the amount of dT(50)-biotin in the hybridisation solution (531 fmol of analyte /poly(dA)/ 0.99 mg of enzyme conjugate. Other experimental details as Fig. 3.
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Fig. 9. Comparison of the results obtained using genosensors with a standard amperometric instrument and with a portable meter (2.2 pmol of analyte /poly(dA)/61.2 pmol of biotinylated probe /dT(50)biotin/0.99 mg of enzyme conjugate). In both experiments, the nonspecific adsorption value is shown. Other experimental details as Fig. 3.



As can be seen the signal produced with a portable meter is significantly lower than that obtained from a standard meter. Additionally the signal from the blank GEC sensor using a portable meter is significantly larger than the signal using a standard instrument. As both batches of blank sensors were produced identically, the nonspecific adsorption is the same for both experiments suggesting difference in amperometric signals may arise from a higher instrument background noise attributable to the portable meter. The higher amperometric signals observed for the blank sensors, using the portable meter, result in a diminished signal-to-non-specific adsorption ratio of 4.2 when compared with a value of 10.2 obtained with a standard instrument. Despite these results, there is a significant difference between the values produced by the genosensors and those of the corresponding blank sensors using a portable meter suggesting that reliable results can be obtained using this type of instrument.



3.9. Interference study Fig. 10A shows the results for the study of possible interference of non-complementary DNA immobilised on the GEC transducer. The aim is to confirm that the optimised hybridisation time of 45 min, is sufficient to generate a sequence-specific analytical response.
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Four experiments were done to evaluate this phenomenon. Experiment 1 evaluates the amperometric signal produced by the non-specific adsorption of the biotinylated probe and the enzyme conjugate on the GEC. Experiment 2 evaluates the hybridisation signal as such (genosensor). Experiment 3 evaluates non-specific hybridisation between the dT(50)-biotin probe and a nonspecific DNA from salmon testes. Finally, Experiment 4 evaluates the non-specific hybridisation between the dT(50)-biotin probe and a non-complementary 50 mer oligonucleotide. The amounts of the reagents used were 531 fmol of immobilised 260 mer [poly(dA)] DNA analyte only for Experiment 2, 995 ng of salmon testes DNA for Experiment 3, 277.7 ng of 50 mer oligonucleotide for Experiment 4, 757 fmol of the probe dT(50)biotin and 0.99 mg of HRP-streptavidin for Experiments 1 /4. Fig. 10B compares the results using genosensors with immobilised DNA on the GEC transducers both with and without biotin as an interferent. The reason behind these experiments is that some biological samples (human cells, bacteria) may contain biotin. The presence of biotin in the sample could result in an increased analytical signal */giving rise to a false-positive result. Two experiments were done to study these effects, both used the same reagents 0.84 pmol of analyte / poly(dA)/, 9.97 pmol of biotinylated probe /dT(50)biotin / and 1.2 mg of enzyme conjugate. Additionally, the experiments involving the evaluation of biotin interference used 50 mg (204.7 nmol) of biotin during the dry-adsorption step, both in the blank and the genosensor. For Fig. 10A and B, the previously optimised times were used. As seen in Fig. 10A, these previously optimised hybridisation times are sufficient to generate a hybridisation signal that is specific and large. While, Fig. 10B demonstrates that there is no significant difference between the genosensors with and without biotin, a similar conclusion can be made for the blank sensor. The results presented suggest that the biotin which has been adsorbed on the GEC is removed effectively with the washing cycles while the DNA is kept firmly adsorbed maintaining its hybridisation properties.



Fig. 10. Evaluation of the interferences of (A) non-complementary DNA (see experimental details in the text for experiments 1 /4) and (B) biotin (non-specific adsorption value is shown in black). Other experimental details as Fig. 3.
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3.10. Detection of a novel determinant of b-lactamase resistance in Staphylococcus aureus Fig. 11 shows the results for the detection of a sequence related with a novel determinant of b-lactamase resistance in S. aureus . For this procedure, the times were those optimised above. The enzyme conjugate comes from another batch as above, and was optimised for this case in 9.9 mg (results not shown). As seen in Fig. 11, these previously optimised hybridisation times are sufficient to generate a hybridisation signal that is specific and large for detecting a sequence related to a novel determinant of b-lactamase resistance in S. aureus . Respect to other reported genosensors (De Lumley-Woodyear et al., 1999) based on the same labelling system, the current densities (2.1 mA/cm2), amperometric hybridisation signals (128 nA), and the signal-to-non-specific adsorption ratio (7) were noticeably higher for GEC transducer (47.1 mA/cm2, 12 790 nA and 24.9, respectively). It is important to point out that in this procedure only one biotin per target DNA is reported in contrast with the other procedure (De Lumley-Woodyear et al., 1999), revealing the higher sensitivity of GEC. Additionally, in the case of GEC transducer, the use of procedures based on previous activation of the surface transducer and subsequent immobilisation (De Lumley-Woodyear et al., 1999), which are tedious, expensive and time-consuming were avoided.



4. Conclusions We report for the first time the use of GEC as a new transducing material for electrochemical DNA analysis, with the entire analytical procedure taking 150 min and a detection level in the fmol range. In addition to this, the proposed enzyme labelling method based on biotin and streptavidin interaction confers further flexibility allowing ease of production for commercial kits, with further amplification being possible by including more



Fig. 11. Detection of a novel determinant of b-lactamase resisitance in S. aureus . (3.8 pmol of analyte, 66.7 pmol of biotinylated probe and 9.9 mg of enzyme conjugate). The non-specific adsorption value is shown. Other experimental details as Fig. 3; n/3.



biotin molecules per each DNA probe (De LumleyWoodyear et al., 1999). An ideal material for electrochemical genosensing permits an effective immobilisation of the probe on its surface, a robust hybridisation of the target with the probe, a negligible non-specific adsorption of the label and a sensitive detection of the hybridisation event. GEC accomplishes with all of these issues. (1) DNA binds strongly to GEC surface by simple ‘dry-adsorption’ (the simplest immobilisation method and the easiest to automate), avoiding the use of procedures based on previous activation of the surface transducer and subsequent immobilisation, which are tedious, expensive and time-consuming (De LumleyWoodyear et al., 1999). (2) GEC materials present a low non-specific adsorption either for DNA probes or enzyme labels. They do not require blocking steps to minimise the non-specific adsorption on the free sites of the transducer. Nonspecific adsorption and specific reactions can be controlled using different polymers yielding devices with higher sensitivities. (3) GEC is less porous compared to a nylon membrane*/the most commonly support used for DNA analysis. This explains the lower hybridisation time, the low non-specific adsorption and the low quantity of analyte immobilised on the GEC. (4) GEC materials are highly mouldable before curing, permitting ease of construction of amperometric genosensors of various shapes and sizes including flow cells. GEC is very stable from a mechanical point of view, and sustains moderate temperatures and washing steps. Moreover, the surface is renewed with a simple polishing. (5) GEC is made of small conductive particles dispersed in a polymer matrix. This material acts as a microelectrode array showing a higher signal-to-noise ratio and lower detection limits compared with glassy carbon. The signal-to-non-specific adsorption ratio was noticeably higher for the device presented here than for other genosensors based on the same labelling system (De Lumley-Woodyear et al., 1999). The high sensitivity of this electrochemical transducer, coupled with its compatibility with miniaturisation and mass fabrication technologies, makes it very attractive for quick and simple DNA analyses in industrial applications. (6) Finally, the ability to use a portable meter has been demonstrated. This has a number of advantages. Firstly, the low cost makes it more accessible to a wider market than a traditional meter. Secondly, its small size, low weight and potential for battery operation makes it ideal for portable and autonomous field measurements. The low production cost associated with electrochemical genosensors makes them attractive for single-use devices. All these features, added to the possibility of portable use, makes them appropriate for genosensor
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kits for field use, increasing the commercial potential of GEC material. An interesting feature of these equipments is the opportunity of connecting several of them together using a number of working electrodes in the same cell. This opens the possibility of building multiparameter genosensor arrays for the simultaneous detection of several DNA sequences. The genosensor has been demonstrated its utility in the detection of a sequence related to antibiotic resistance in S. aureus . For all the aforementioned reasons it is possible to conclude that GECs are very suitable for DNA analysis.
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