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Screen Printed Carbon Electrode Modified with Poly(l-Lactide) Stabilized Gold Nanoparticles for Sensitive As(III) Detection Yue-Shian Song, Govindan Muthuraman, Yi-Zhen Chen, Chu-Chieh Lin, Jyh-Myng Zen* Department of Chemistry, National Chung Hsing University, Taichung 402, Taiwan *e-mail: [email protected] Received: June 9, 2006 Accepted: August 1, 2006 Abstract Poly(l-lactide) stabilized gold nanoparticles (designated as PLA – AuNP) with an average particle size of ca. 10 nm were used to modify a disposable screen-printed carbon electrode (SPE) for the detection of As(III) by differential pulse anodic stripping voltammetry. Gold modification was evaluated by cyclic voltammetry, whereas scanning electron microscopy and transmission electron microscopy revealed the size and distribution of gold nanoparticles. The PLA – AuNP/SPE was applied effectively to detect toxic As(III) in HCl medium. Under the optimal experimental conditions, a linear calibration curve up to 4 ppm with a detection limit (S/N ¼ 3) of 0.09 ppb was obtained. The sensitivity was good enough to detect As(III) at levels lower than the current EPA standard (10 ppb). Most importantly, the PLA – AuNP/SPE can be tolerable from the interference of Cu, Cd, Fe, Zn, Mn, and Ni and hence provides a direct and selective detection method for As(III) in natural waters. Practical utility of the PLA – AuNP/SPE was demonstrated to detect As(III) in “Blackfoot” disease endemic village groundwater from southwestern coast area of Taiwan (Pei-Men). Keywords: As(III), Electroanalysis, Poly(l-lactide), Gold nanoparticle, Screen printed electrode DOI: 10.1002/elan.200603634



1. Introduction Arsenic contamination has been reported in various part of the world, such as Bangladesh, India, China, Thailand, UK, Canada, and USA [1 – 4]. Exposure to environment may increase various health defects such as dermal changes, respiratory, cardiovascular, gastrointestinal, genotoxic, mutagenic, and carcinogenic effects [5]. World Health Organization (WHO) provisional guideline value for drinkable water is 10 ppb [6]. Pei-Men village in Taiwan with an average concentration of As(III) (129 ppb) was proposed as the main reason for the Blackfoot disease (BFD, one of the peripheral vascular disease) and urinary cancer in this region [7, 8]. The symptom for the BFD started with discoloration on the skin of the extremities, especially feet. Amputation of the affected extremities is often the final resort to save the BFD patientHs life. Various techniques have thus been developed to reduce the arsenic level in drinking water from 50 to 5 ppb [9]. Although several methods have been used to detect the arsenic level including inductively coupled plasma mass spectroscopy (ICP-MS), graphite furnace atomic absorption spectrometry, and highperformance liquid chromatography with ICP-MS, these laboratory-based analytical methods are difficult to use for routine in-field monitoring of a large number of samples [10 – 12]. A possible way to fit the field requirement is the application of cheap, portable, selective, and rapid electroElectroanalysis 18, 2006, No. 18, 1763 – 1770



chemical techniques. In this regard, a mixed-valence ruthenium oxide – ruthenium cyanide complex modified glassy carbon electrode (GCE) was reported for catalytic oxidation of arsenite [13, 14]. Nevertheless the appearance of high noise due to high capacitance of ruthenium oxide-oriented materials leads to a poor detection limit in these studies. An off-line preconcentration step is therefore necessary to reach the level of arsenite in real samples. To improve this, our group reported a highly selective Prussian blue-modified screen-printed carbon electrode (SPE) for sensitive detection of As(III) by flow injection analysis [15]. Various metal electrode materials (Hg, Pt, Au) were also reported for As(III) detection involving either cathodic (CSV) or anodic stripping voltammetry (ASV) [16 – 19]. Due to the potential toxicity of mercury along with practical limitations, gold was found to be the superior substrate for the working electrode among the substrates considered to date. Recently, gold nanoparticles (AuNP)-modified GCE has been reported for the detection of As(III) with good detection limit by both static and flow analyses [20 – 22]. The electrochemical deposition for the preparation of AuNP, however, was affected largely by both AuCl4 concentration and deposition time and the use of GCE also requires a frequent polish. Here we present an attempt made to detect As(III) by using a poly(l-lactide) stabilized gold nanoparticles modified SPE (designated as PLA – AuNP/SPE). The use of SPE as a single-shot disposable sensor for the determination of K 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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As(III) is attractive in practical application. Meanwhile PLA is a biocompatible material and thus does not have associated environmental toxicity of biological hazards. The stabilization of AuNP was reported to occur between the two carboxylic groups of the polymers matrix, as shown in Scheme 1 [23, 24]. By using the highly stable PLA – AuNP as a cast solution, the resulting modified electrode was very reproducible not only in particle size but also in surface area. In this study, the PLA – AuNP was first characterized under various techniques such as UV-visible absorption spectroscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The stability of the modified electrode was then checked and the response of As(III) was finally evaluated by different electrochemical techniques. Factors that influence the sensitivity and selectivity of the PLA – AuNP/SPE were optimized and applied to natural water analysis with satisfactory results.



2. Experimental 2.1. Chemicals and Solutions Hydrogen tetrachloroauric acid (HAuCl4), sodium borohydrate (NaBH4), and l-lactide were obtained from Aldrich. Sodium arsenite (Fluka), THF (Merck), and all other compounds and reagents (ACS-certified reagent grade) were used as received. Millipore deionized water (18 MW/ cm) was used throughout this investigation.



2.2. Instrumentation Electrochemical measurements were performed with a CHI 703 electrochemical workstation (Austin, TX, USA) in a three-electrode cell assembly. A bare SPE or the PLA – AuNP/SPE (working electrode), an Ag/AgCl (reference electrode), and a platinum disk (auxiliary electrode) were used to complete a cell setup. Degassed process was not performed in this study since oxygen did not interfere in the analysis. The SPE with a working area of 0.2 cm2 with a radius of 2.5 mm was purchased from Zensor R&D (Taichung, Taiwan). The measured average resistance of cross sectional area of the electrode was 85.64  2.10 W/cm. The UV/visible spectral measurements were recorded with a JASCO V-530 UV/visible spectrometer. The SEM images of nanoparticles were performed using a JEOL JSM6700F scanning electron microscope and TEM images were obtained using the mass-thickness contrast with a JEOL TEM-1200x transmission electron microscope (at an accelerating voltage of 120 kV). A drop of sample solution containing Au particles was placed on a Cu grid (200 mesh, 3 mm) and particle size was measured by a comparator and the average particle size as well as size distribution was determined based on the measurement of at least 100 particles.



2.3. Preparation of PLA and PLA Stabilized AuNP PLA (average molecular weight  8000, PDI ¼ 1.07) was prepared by a procedure as reported earlier [23]. A modified preparation method was developed to prepare the PLA – AuNP as follows. Certain amount of PLA (0.66 mg) was first dissolved in a THF (0.3 mL) containing HAuCl4 (0.83 mM, 10 mL) solution. The reaction mixture was stirred for 10 min at room temperature. Aqueous solution of NaBH4 (4.5 mM, 30 mL) was freshly prepared and added into the stirred solution. The reaction mixture was found to rapidly change color from yellow to brownish red, indicating the formation of gold nanoparticles. UV-visible spectra were taken to identify the AuNP formed and will be discussed later.



2.4. Preparation of AuNP/SPE and PLA – AuNP/SPE The electrochemical deposition of AuNP on SPE (designated as AuNP/SPE) generally followed the reported experimental procedure [25]. In brief, a bare SPE was placed into solution containing 50 ppm HAuCl4 in 0.5 M H2SO4 under a deposition potential of  0.7 V (vs. Ag/AgCl) for 7 min. To prepare the PLA – AuNP/PSE, a drop (18 mL) of PLA – AuNP solution was spread evenly on the SPE surface and allowed to dry at 70 8C for 5 min. Note that the PLA – AuNP solution can effectively be adhered on SPE only after the treatment with Triton X-100 surfactant [26]. As shown in Figure 1, without the pretreatment, a drop of PLA – AuNP remained as a drop-like nature on the electrode surface presumably due to the effect of the nonpolar groups on the surface [27]. The Triton X-100 surfactant can increase the solubility of the hydrophobic compounds within the hydrophobic alkyl chain to facile reaction [26]. Most importantly, the pretreatment assures the good reproducibility for the preparation of the PLA-AuNP/SPE.



2.5. Real Sample Real water samples from artesian well (groundwater) and fish pool (surface water) were collected from Pei-Men village (southern coastal area of Taiwan) and stored at 4 8C



Fig. 1. Pictures of the PLA – AuNP/SPE prepared without (a) and with (b) Triton X-100 treatment. Electroanalysis 18, 2006, No. 18, 1763 – 1770
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before experiments. The water samples were made to laboratory working condition through a Millipore (0.45 mM) filtration process and analytical assay was carried out by using standard addition method. Care must be taken during handling with sodium arsenite and real water samples.



3. Results and Discussion 3.1. Characterization of the PLA – AuNP UV-visible spectroscopy was first used to study the asprepared AuNP. As can be seen in Figure 2A, after the HAuCl4 solution was refluxed with NaBH4, the occurrence of an absorption peak at ca. 530 nm corresponding to a particle size of < 20 nm verified the formation of PLA –



AuNP [28]. The TEM images were further recorded to estimate the size and distribution of AuNP within the PLA matrix. As shown in Figure 2B, the PLA – AuNP forms a network-like structure with an even distribution of AuNP. The network structure was formed through the interaction of hydrophobic sites as proposed in earlier study [29]. By using the highly stable PLA – AuNP as a cast solution, the resulting modified electrode was expected to be reproducible not only in particle size but also in surface area. The SEM images of both SPE and PLA – AuNP/SPE were further studied for comparison. As shown in Figure 2C, a, a fairly smooth electrode surface of SPE was observed with agglomerated AuNP particles. Following surface modification with PLA – AuNP on the SPE, a noticeably shiny green film was observed on the electrode surface. An individual particles like layer of PLA – AuNP with an average AuNP particle size of ca. 10 nm can be clearly seen



Fig. 2. A) UV-visible absorption spectra of PLA – AuNP. B) TEM images of PLA – AuNP. C) SEM images of a) AuNP/SPE and b) the PLA – AuNP/SPE. Electroanalysis 18, 2006, No. 18, 1763 – 1770
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Scheme 1.



(Fig. 2C, b). Since no nucleation sites were observed according to the SEM picture, the result revealed that AuNP was greatly stabilized from the agglomeration (as illustrated in Scheme 1). Note that the proposed electrode preparation procedure is highly reproducible and no cleaning or polishing of the electrode surface is needed.



3.2. Electrochemical Response of As(III) Three different electrochemical techniques, linear scan stripping voltammetry (LSSV), square-wave stripping voltammetry (SWSV), and differential pulse stripping voltammetry (DPSV), were applied to detect As(III) on the PLA – AuNP/SPE with a deposition potential of  0.5 V for 60 s in 1 M HCl medium (data not shown). Since DPSV shows the highest resolution with the lowest noise signal, it was thus chosen for As(III) detection in subsequent studies. To validate the electroanalytical performance of the PLA – AuNP/SPE on As(III) detection, the same experiment was also done on a bare SPE for comparison. As can be seen in Figure 3, in the presence of 10 mM As(III), no stripping peak was observed within the potential window of  0.3 to 0.5 Vat a bare SPE (a); whereas a stripping peak at 0.15 Vappeared at the PLA – AuNP/SPE (b). These results are consistent with earlier studies for the detection of As(III) using AuNPmodified GCEs and clearly indicate the electrocatalytic As(III) oxidation occurred at the PLA – AuNP/SPE [20 – 22]. It is demonstrated earlier that excellent stability was observed for direct electrodeposition electrode over more than 40 repeated assays [22]. In our own study, the use of the preformed polymer does afford better stability for SPE than direct electrodeposition. As can be seen in Figure 3B, the detection current of 10 mM As(III) in 1 M HCl remained constantly with a relative standard deviation (RSD) of ca. 3% even after 11th renewable detection using the PLA – AuNP/SPE. The electrochemically deposited AuNP/SPE, on the other hand, showed a fast decreasing trend in As(III) detection with ca. 55% of RSD after 11th renewable detection. It is well documented that electrodeposited AuNP modified electrode shows an additional peak and less reproducibility in HCl medium [22], but the present results indicate an enhanced stability of PLA – AuNP/SPE even in HCl medium without any additional peak. The stabilization or reproducibility effect of the PLA – AuNP is obvious through the aid of PLA polymer. The main advantage of the PLA – AuNP/SPE is thus the highly improved stability of Electroanalysis 18, 2006, No. 18, 1763 – 1770



Fig. 3. A) Typical DPSV responses of 10 mM As(III) on a bare SPE (a) and the PLA – AuNP/SPE (b). B) Stability of AuNP/SPE and PLA – AuNP/SPE in repetitive As(III) measurement.



the AuNP compared to the electrochemical deposition AuNP/ SPE.



3.3. Optimization of Analytical Parameters In order to get maximum sensitivity of As(III) at the PLA – AuNP/SPE, experimental conditions such as deposition potential, deposition time, and DPSV parameters were optimized. Figure 4A shows the effect of the deposition
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Fig. 4. Effects of deposition potential and deposition time to the peak current of As(III) determination obtained at the PLA – AuNP/SPE. Experimental conditions: A) [As(III)] ¼ 5 mM, deposition time ¼ 130 s; B) [As(III)] ¼ 5 mM, deposition potential ¼  0.5 V vs. Ag/AgCl; C) [As(III)] ¼ 0.1 mM, deposition potential ¼  0.5 V vs. Ag/AgCl.



potential on As(III) detection. As can be seen, the peak current increase as the potential of the electrode becomes more negative from  0.1 to  0.6 V. However, the peak current drops rapidly as the potential is more negative than Electroanalysis 18, 2006, No. 18, 1763 – 1770



 0.6 V. One possibility is that the appearance of bubble presumably due to the H2 evolution on the electrode surface causing a decrease in peak current. A deposition potential of  0.5 V was thus selected for further studies. The effect of deposition time on the response for As(III) is shown in Figure 4B. For higher concentration (5 mM) of As(III), the peak current increases as the deposition time increases and starts to level off at ca. 100 s. For a lower concentration (0.1 mM) of As(III), it takes about 500 s for the peak current to level off (Fig. 4C). This phenomenon is as expected and further confirms the appropriate preconcentration process between AuNP and As(III) at the PLA – AuNP/SPE. In order to use all the AuNP sites available, a longer time is needed for the lower concentration of As(III). Note that, for a 600-s As(III) deposition, a detection limit of ca. 0.25 ppb was reported by using a AuNP-modified GCE for the detection of As(III) by flow analysis [22]. In this study, to demonstrate the improvement of the time-consuming deposition process, a deposition time of 130 s was used in subsequent studies. The DPSV parameters that were investigated were pulse period, amplitude, pulse width, and sampling period. These parameters are interrelated and have a combined effect on the response, but here only the general trends will be examined. A series of pulse period was studied and the signal increased initially with pulse period and remained constant after a pulse period of 0.05 s. Similarly, increase in the amplitude causes an increase in the As(III) peak up to 0.08 V. The peak potential shifts to the negative direction with increasing amplitude. The effects of pulse width and sampling period were not significant in the system. Overall, the best instrument settings for DPSV were as follows: pulse period, 0.05 s; pulse amplitude, 0.08 V; pulse width, 0.025 s; sampling period, 0.0167 s. Calibration experiments were carried out using DPSV with 130 s of deposition time at  0.5 V vs. Ag/AgCl for various concentrations of As(III) (given in the respective figure caption). As shown in Figure 5, under the optimal experimental conditions, a linear calibration curve up to 4 ppm (i.e., ca. 30 mM) with a detection limit (S/N ¼ 3) of 0.09 ppb was obtained. Interference effect of the PLA – AuNP/SPE towards As(III) species was studied in the presence of various other metal ions at 1 : 1 and 1 : 10 times excess over 5 mM As(III) in 1 M HCl. As depicted in Table 1, the PLA – AuNP/SPE can be tolerable from the interference of Cu, Cd, Fe, Zn, Mn, and Ni (< 5%) and hence provides a direct and selective detection method for As(III) in natural waters. Note that Cu(II) ion was reported to show significant interference to As(III) determination [30]. No such an interference was observed in the determination of As(III) with the PLA – AuNP/SPE as the peak of Cu(II) has moved to a more positive potential of 0.4 Vas depicted in the insert of Figure 5A along with other interferants. The influence of interferants (ratio 1 : 10) in peak current (%) with respect to As(III) were given clearly in Table 1. In the case of other studied metal interferants, the stripping peak potentials appear beyond our studied potential window.
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Fig. 5. A) Dependence of the DPSV peak responses on increasing As(III) concentration of a) 0.04, b) 1, c) 5, d) 10, e) 20, and f) 30 mM obtained at the PLA – AuNP/SPE. Insert figure demonstrates the interference study with Cu(II). B) The calibration plot.



Table 1. Interference effect on the detection of 10 mM As( III ) with the PLA – AuNP/SPE in 1 M HCl by DPSV. Interferant Peak current difference (%) with respect to As(III )



Fe Zn Cu Cd Mn Ni



1 : 1 [a]



1 : 10 [a]



2.13 2.67 3.07 1.98 3.08 2.04



3.29 3.25 4.89 2.08 3.67 3.21



4. Conclusions



[a] ratio between analyte and interferant



3.4. Real Sample Analysis As mentioned in the experimental part, two different types of samples (groundwater and surface water) were used for real sample analysis. As can be seen in Figure 6, both real water samples all showed As(III) stripping peak at ca. 0.15 V. By applying the standard addition method, linear plots were obtained and used for the calculation of As(III) Electroanalysis 18, 2006, No. 18, 1763 – 1770



concentration in these real samples. The values were measured as 61 ppb (groundwater) and 49 ppb (surface water), respectively. To validate the accuracy of the proposed method, both the groundwater and surface water samples were also subjected for As(III) measurement with ICP-MS. The fact that very close values of 64 ppb (groundwater) and 47 ppb (surface water) of As(III) within 5% error of As(III) were observed indicated a good correlation and efficiency of the proposed electrochemical method.



The results show that application of the PLA – AuNP/SPE in the determination of traces of As(III) is very promising. The PLA – AuNP formation with a nanoparticle size of ca. 10 nm was confirmed by UV-visible spectroscopy, SEM and TEM. Drop coating of the PLA – AuNP casting solution on a Triton X-100 treated SPE was found easy and stable towards the detection of As(III). The detection limit of 0.09 ppb was good enough to detect arsenite at levels lower than the current EPA standard of 10 ppb. Real sample analysis was
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Fig. 6. Typical DPSV responses and standard addition plots of the two water samples: A) groundwater and B) surface water obtained by the PLA – AuNP/SPE.



successfully demonstrated to detect As(III) in “Blackfoot” disease endemic village groundwater from southwestern coast area of Taiwan without any external treatment.
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