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A Capillary Electrophoresis End-Column Amperometric Detection System Incorporating Disposable Copper-Plated Screen-Printed Carbon Electrodes Dong-Mung Tsai ( ), Pei-Rong Shih ( ), Hsiu-Wen Tai ( ), Chio-Yi Liu ( ) and Jyh-Myng Zen* ( ) Department of Chemistry, National Chung Hsing University, Taichung 402, Taiwan, R.O.C.



We report here the development of copper-plated screen-printed carbon electrodes (designated as Cu-SPE) to employ as electrochemical detectors for the determination of sugars by capillary electrophoresis (CE). A simple end-column amperometric detection system with easily exchangeable (or even disposable) electrode and capillary in CE is described in this study. A complex alignment procedure was not required in this system based on the end-column electrode arrangement using an 85 cm length and 20 mm (i.d.) capillary. The optimized separation voltage and applied potential were 9 KV and 0.4 V (vs. Ag/AgCl), respectively, for the detection of sugars using the Cu-SPE. Good resolution was obtained by this proposed system with migration times of 28.8, 29.5, 29.9, 30.7, 31.2, and 32.0 min for galactose, glucose, arabinose, fructose, xylose, and ribose, respectively. Keywords: Capillary electrophoresis; Sugars; Copper; Screen-printed electrode.



INTRODUCTION Capillary electrophoresis (CE) is a powerful separation technique with low sample consumption and a relatively short analysis time. Improving the sensitivity in the detection of analytes at low concentrations has resulted in the implementation of two main detection schemes: laser-induced fluorescence (LIF) and electrochemical detection (ECD). Compared to LIF, ECD is relatively simple, inexpensive, applicable to a wide range of analytes, and easily miniaturized. Furthermore, ECD has the advantage that concentration detection limits are not compromised by miniaturization. There are two primary strategies for coupling ECD and CE: end-column detection and on-column detection. When end-column detection is used, the effect of the separation high voltage field on the working electrode is minimized by use of extremely low separation currents. While the detector noise due to the separation current decreases as the working electrode is positioned further from the capillary outlet, detection sensitivity also decreases as a result of loss of analyte by diffusion in the detection cell. To prevent the loss of analyte through diffusion, on-column detection can be employed. In this arrangement, the separation potential must be grounded prior to the capil-



lary outlet. Several methods for accomplishing this have been described for conventional CE.1-3 Although excellent results have been obtained on the basis of these decoupler devices, implementation is not an easy task and is a drawback from the viewpoint of robustness of the CE-ECD system. Depending on the type of decoupler and operating conditions, complete elimination of the effects of the high voltage on the detection performance can not always be ensured, and additional problems such as partial loss of cations within the decoupler region and band broadening effects may arise. Two of the major difficulties for CE-ECD are: (i) the alignment between the separation capillary and the working electrode of the electrochemical setup and (ii) the reproducibility of the working electrode. Previously, Wang et al. reported a powerful and flexible ECD for CE chips based on thick-film detector strips.4 The thick film (screen-printing) microfabrication technology is commonly used for largescale production of extremely inexpensive and yet highly reproducible electrochemical sensors. Since ECD has already proven to be extremely useful for conventional CE systems based on fused-silica capillaries, it is thus useful to develop a CE system in connection to screen-printed electrodes (SPEs). In the present study, we describe a simple end-column am-
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perometric detection system of easily exchangeable (or even disposable) electrode and capillary in CE. When this system was used, a complex alignment procedure was not required. In this system there was no decoupling mechanism used to isolate the detection electrode from CE voltage and current. The detection was carried out by potentiostatic control of the electrode potential by means of a three-electrode system. By taking advantage of the versatile SPEs, ECD is applicable to a broad range of important analytes owing to the variety of electrode materials and electrochemical processes that can be exploited for detection. A particular advantage was the ability to readily exchange the sensing electrode, which should be very valuable for many practical applications. Previously it has been found that cuprous oxide is an effective electrode modifier for the detection of sugars in flow injection analysis as well as CE, giving a high sensitivity and selectivity.5,6 The employment of copper-plated screen-printed carbon electrodes (designated as Cu-SPE) as an electrochemical detector for the determination of six sugars by CE is described in this study. Our group previously noticed profound electrochemical activity on detection assays of H2O2, o-diphenols, dissolved oxygen, and amino acids at this disposable Cu-SPE. 7-10 To demonstrate the usefulness of the proposed system, it was successfully applied to the separation and determination of carbohydrates in two commercially available fruit juices.



EXPERIMENTAL Chemicals and Solutions All chemicals and standards used in this work were of the analytical reagent grade. Galactose, glucose, arabinose, fructose, xylose, and ribose were obtained from Sigma (St. Louis, MO, USA). Distilled, deionized water (E-pure water purification system, Barnstead, Taiwan) was used for preparing the standard solutions. A 200 ppm Cu(II) solution in 0.1 M HNO3 was used for the plating experiments. Unless otherwise mentioned, the carrier solution was either pH 7.4 phosphate buffer solution (PBS, I = 0.1 M) or 50 mM NaOH. CE-ECD Apparatus Electrophoresis systems were driven by a high voltage dc (0-30 kV) power supply (SPELLMAN CZE 1000R) coupled with a home-made injection timer. Cyclic voltammetric measurements and chronoamperometric (i-t) experiments
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were carried out with a CHI 832A electrochemical workstation. The three-electrode system consists of a working electrode (with a geometric area of ~0.15 ´ 1.8 mm2), an Ag/AgCl reference electrode, and a platinum or carbon auxiliary electrode. The disposable SPEs used for CE-ECD were purchased from Zensor R&D (Taichung, Taiwan). Both the working and counter electrodes were prepared by screen-printing commercial carbon ink. The integration on the same support of pseudo-reference electrode was obtained by screen-printing a commercial silver ink and subsequent electrochemical pretreatment. The pretreatment was accomplished by putting the electrode in 3 M KCl at 1.5 V vs. Ag/AgCl for 60 s followed by scanning in the window of 0.2 to 1.3 V at a scan rate of 100 mV/s until a stable background current was obtained. As to the preparation of Cu-SPE, a Cu layer was electrochemically plated on a bare SPE using 200 ppm Cu(NO3)2/0.1 M HNO3 solution at -0.7 V vs. Ag/AgCl for 300 s. End-column Amperometric Detection Cell The end-column amperometric assembled cell is depicted in Fig. 1. The actual size of the detector cell is 50 ´ 30 ´ 70 mm3 (L ´ W ´ H). The main components are a stainless steel holder, a SPE, two PMMA protectors, and an electrode director. The cell was first cut into a suitable size for residing capillary (ca. 20 mm i.d. ´ 375 mm o.d., 55 or 85 cm long) and stainless steel tube (ca. 450 mm i.d. ´ 630 mm o.d., 3 cm long). Openings were drilled to match the stainless steel holder for a 50 ´ 30 ´ 5 mm3 (L ´ W ´ H) PMMA board. The top PMMA has two extra holes (dia. = 0.7 mm) for a stainless steel tube and waste solution. After integration, sand paper was used to smooth the surface. Note that the electrode holder is important to hold the capillary and working electrode in the right position. Procedure A new capillary was pretreated by flushing in sequence of 0.1 M NaOH (1 h), double distilled water (30 min), and running buffer (30 min). Before each run, the capillary was flushed with 50 mM NaOH for 15 min. We then put the CuSPE in the electrode holder and rotated the push rod to tighten every part. During the experiments the separation voltage was applied across the capillary and the detection potential was applied at the working electrode. After the electroosmotic current reached a constant value, the electromigration injection was carried out and the electropherogram was recorded. All potentials were measured versus Ag/AgCl.
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Electrochemistry To investigate the possibility for amperometric detection by using the Cu-SPE in strong acidic solutions, CV experiments were initially performed in NaOH solution. The behavior of the Cu-SPE in the absence and presence of glucose was examined by sweeping the potential between 0 and 0.6 V at a scan rate of 50 mV/s. Fig. 2A shows the cyclic voltammograms recorded in 50 mM NaOH at the Cu-SPE. The voltammogram exhibits a clear catalytic behavior toward



glucose with an anodic peak potential at about ~0.5 V (vs. Ag/AgCl), which corresponds to the formation of Cu3+ species. The CV obtained in alkaline solution is consistent with what has previously been reported for copper-based electrodes, i.e., the electrocatalytic oxidation of carbohydrates by a high oxidation state of copper (Cu 3+ ) generated electrochemically.6,11,12 In all cases, addition of sugars to the blank causes the anodic current response to increase significantly. The peak currents are proportional to the concentration of sugars. The peak potentials of all the sugars are in the range of 0.4-0.5 V. It is thus worthwhile to carry out CE with elec-



Fig. 1. Schemes of the experimental cell (A) and electrode (B) setup. The components are as follows: (1) fused-silica capillary, (2) stainless steel tube, (3) top-PMMA, (4) electrode director, (5) bottom-PMMA, (6) screen print electrode, (7) stainless steel holder, (8) push rod, (9) auxiliary electrode, (10) working electrode, (11) reference electrode, (12) insulating layer.



Fig. 2. (A) Cyclic voltammograms of (a) 0, (b) 1, (c) 2, and (d) 3 mM of glucose in 50 mM NaOH solution using the Cu-SPE at a scan rate of 50 mV/s. (B) Hydrodynamic voltammograms of 1 mM glucose in 50 mM NaOH solution. Separation voltage: 9 kV; injection by electromigration: 5 s at 9 kV.
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trochemical detection of carbohydrates with the Cu-SPE. In particular, the Cu-SPE offers the possibility of direct detection of sugars without the need of pre-derivatization processes, which is usually required in the spectrometric detection. 13,14 Note that another approach that also does not required derivatization and can be used with all HPCE systems equipped with a simple UV detector is indirect UV detection.15-18 These methods include the use of high alkaline electrolyte to ionize the carbohydrates and make them suitable for indirect UV detection. In this regard, the requirement of electrocatalysis in basic solutions thus presents no difficulty on separation. These basic separation conditions have shown that the effective CE separation can benefit from the basic buffers.19 The optimal operating potential for CE was investigated by measuring hydrodynamic voltammograms (HDVs) for glucose in a background electrolyte of 50 mM NaOH. Fig. 2B depicts the results obtained for the oxidation of glucose. The curves were taken stepwise, in connection to a 9 kV CE separation, by making 100 mV changes in the detection potential. As expected, the response rises quickly between +0.30 and +0.40 V, after which it starts to level off. A dramatic increase in the baseline current, its slope, and the corresponding noise was observed at higher potentials. Therefore, a potential of +0.40 V that offers the optimum signal-to-noise characteristics was used as the operating potential in the subsequent measurements. Capillary Electrophoresis The separation was then carried out with a wall-jet configuration cell under the optimal operating potential. The present detector resembles the wall-jet design for conventional CE systems. The coupling of screen-printed electrodes with a CE system requires proper attention to the capillary detector spacing. To avoid the separation circuit current from seriously influencing the working electrode detection current, the working electrode should be positioned further from the capillary outlet. However, the detection sensitivity would also decrease as a result of analyses diffusion. The number of insulating layers printed can easily control the space at the separation capillary holder. The resulting space distance from the number of insulating layers placed was thus measured. The spacing of the detector was measured as 20.8, 25.7, 30.0, and 35.3 mm as the insulating layers increase from one to four. To avoid the complication from the Cu-SPE and alkaline condition, a model system of uric acid and bare SPE in neutral medium was applied to check the effect of the re-
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sulting space distance. As can be seen in Fig. 3, the electropherograms of uric acid in 0.02 M, pH 7.4 PBS using a bare SPE can indeed be affected by the resulting space distance from the number of insulating layers placed. Detailed results of the effect of the spacing of the detector on migration time (tm), peak current (ip), charge (q), and the width at half-peak (W 1/2 ) are shown in Fig. 4. As can be seen, the t m does not change much with the spacing of the detector. The values of q, however, decrease when the insulating layers increase because of the effect of analyte diffusion. Since a minimum W1/2 and a maximum ip were obtained at a spacing of ~25 mm, it was taken as the optimum spacing between separation and detection systems. Obviously this is a compromise between the serious influence to the working electrode detection current from the high separation voltage and a result of analyses diffusion. This spacing was used in all subsequent experiments. Considering the design is aimed at the ability to readily exchange the sensing electrode, the reproducibility of the system using different screen-printed strips was evaluated. Reproducibility was studied by using 20 different screenprinted strips for the determination of glucose and the relative



Fig. 3. Effect of the spacing between capillary outlet and working electrode: (a) 20.8, (b) 25.7, (c) 30.0, and (d) 35.3 mm, to the electropherograms of 0.5 mM uric acid in 20 mM, pH 7.4 PBS at a screen-printed carbon electrode. Separation and injection voltage = 10 kV, injection time = 5 s, detection potential = 0.5 V (vs. Ag/AgCl), capillary length = 55 cm.
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standard deviation for ip measured was 4.5%. It indicates that the reproducibility of the electrochemical detection system is good when the working electrode is exchanged, which should



Fig. 4. Effects of spacing, migration time (t m ), peak current (i p ), charge detected (q), and width at the half-peak (W1/2) to the electropherograms of uric acid. Other conditions were the same as in Fig. 3.



J. Chin. Chem. Soc., Vol. 52, No. 4, 2005



777



be very valuable for many practical applications. In this work, no other attempt was made to optimize the separation. Fig. 5 examines the influence of the separation voltage upon the response (using a 25 mm spacing between the capillary outlet and the electrode surface). The separation voltage affected both the current signal and the slope of baseline. As expected, to increase the separation voltage from +9 kV to +11 kV decreases the migration time for glucose. Reduction of the electrophoretic current by reducing the applied voltage also resulted in a more stable baseline, of course at the expense of short analysis times. Nevertheless, since only the +9 kV separation voltages can result in a satisfactory peak resolution, this separation voltage was thus used in the subsequent real sample analysis. The linearity of response was evaluated over a wide concentration range of 0.2-10 mM with correlation coefficient (r) of greater than 0.997 for the 6 sugars examined. With the applied potential of 0.4 V, the limits of detection (LOD), based on an S/N = 3, were below 25 mM. Finally, we used the CE-ECD amperometric detection system to determine the amount of carbohydrates in commercial products. All samples are freshly prepared with a dilution factor of 100 followed by filtration through a disposable 0.22 mm pore size membrane filter before detection. The resulting electropherograms of two commercial available fruit juices are shown in Fig. 6. According to the results, three peaks representing (a) unknown, (b) glucose, and (c) fructose, respectively, were



Fig. 5. Influence of the separation voltage: (A) 11 kV, (B) 10 kV, (C) 9 kV on the baseline noise and resolution of 0.5 mM galactose (a), glucose (b), arabinose (c), fructose (d), xylose (e), and ribose (f) in 50 mM NaOH. Experimental conditions: injection time = 5 s, detection potential = 0.4 V (vs. Ag/AgCl), capillary length = 85 cm.
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observed. The values of glucose and fructose were measured as 3.60 g/100 mL and 3.37 g/100 mL, respectively, and were close to the labeled values. These results demonstrate the usefulness of the present system towards real sample applications and have a clear advantage over the spectrophotometric method for the analysis of samples containing fine particles
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or of deep color and high viscosity.



CONCLUSION The results clearly demonstrate that the combination of



Fig. 6. Electropherograms of two commercially available grape juices: (A) original, (B) spiked with 5 mM glucose, and (C) spiked with 5 mM fructose in 50 mM NaOH. Experimental conditions: injection time = 5 s, detection potential = 0.4 V (vs. Ag/AgCl), capillary length = 85 cm.
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screen-printed electrodes with conventional CE systems results in a versatile analytical device. The electrocatalytic mechanism of the Cu-SPE provides a marked decrease in overpotential for the oxidation of carbohydrates on the working electrode. The ability to readily exchange the sensing electrode should be extremely useful for many practical applications suffering from surface poisoning effect. The thick-film fabrication process allows the printing of a wide range of electrode film. Such flexibility will hold promise for more future CE applications.
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