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Electrochemically pre-anodized Nafion-coated glassy
carbon electrodes (NCGCESs) were used for the selective
determination of uric acid (UA) by square-wave
voltammetry. The major interference from ascorbic acid
(AA) was overcome owing to the distinct ability of the
pre-anodized NCGCE to yield its best performance at
around pH 5. At pH 5, AA existsin the anionic form
whereas UA isin the cationic form, since their pK, values
are 4.1 and 5.4, respectively, at 25 °C. Consequently, the
Nafion film repels the negatively charged AA and selective
sensing of UA can be achieved. Moreover, the anodized
surface has a high affinity towards UA through hydrogen
bonding. Hence the combination of pre-anodization and
the Nafion film modification works excellently in the
determination of UA. Under optimized conditions, the
detection limit for UA has been improved to 10 nm (S/N =
3). The practical analytical utility of the method is
demonstrated by the measurement of UA in human urine
without any preliminary treatment.

Keywords. Nafion; uric acid; ascorbic acid; voltammetry;
glassy carbon electrode

Uric acid (UA) isthe primary product of purine metabolism and
its inconsistency in human body causes many diseases, such as
gout, hyperuricaemia and Lesch—Nyan disease.r Hence mon-
itoring the concentration of UA in biological fluids is very
important. The major obstacle in monitoring UA is the
interference from other compounds such as ascorbic acid (AA)
and dopamine which co-exist in the biological fluids># and
have almost the same redox potential as UA. Various methods,
such as the adsorption/medium exchange approach,5.6 enzyme-
based techniques,”11 the use of polymer-modified electrodes
with12 and without11.13.14 catalyst and the use of electro-
chemically pre-treated carbon paste electrodes!> or clay-
modified electrodes'® have been developed for the selective
determination of UA. We describe here a relatively simple
voltammetric method for the sensitive and sel ective detection of
UA using pre-anodized Nafion-coated glassy carbon electrodes
(NCGCEs).

It is generally found with GCEs that a particular pre-
treatment method, which activates the electrode surface with
respect to a specific electrochemical reaction in solution, can
deactivate other reactions. Moreover, even for a given redox
system, variations in the pre-treatment history can cause wide
dterations in the heterogeneous electron transfer rate constant
often by many orders of magnitude.1” Hence, in any electro-
chemical studies with a GCE, its surface pre-treatment method
must first beformulated. Various surface pre-treatment methods
have been reported to improve the electrochemical performance
of carbon surfaces, particularly from GCE substrates. These
include electrochemical methods'8-25 and non-electrochemical
methods,26-29 such as polishing, vacuum heat treatment, laser
irradiation, fracturing and high-intensity ultrasonic treatment.
Among these procedures for electrode activation, electro-

chemica methods of pre-treatment have been used extensively
since they are convenient, inexpensive and rapid and have the
additional advantage that they can be performed in situ within
the electrolyte. Both cathodization30 and anodization8-25 have
been reported to activate the electrode surface with respect to
specific redox systems, but the latter method has predominantly
been employed.

In this paper, we report the effect of surface pre-anodization
on the determination of UA on a GCE and an NCGCE. At pH
5, AA exists in the anionic form whereas UA isin the cationic
form, since their pK, values are 4.1 and 5.4, respectively, at 25
°C.31 Consequently, the Nafion film repels the negatively
charged AA and the selective sensing of UA can be achieved.
Such a pre-treatment method yields the best performance for
UA oxidation around pH 5, hencetheinterference of AA can be
completely overcome on the NCGCE. Moreover, unlike the
case of the carbon paste electrode reported earlier,15 where the
electrode material wasfound to become swollen after prolonged
use, the GCE shows good stability even after prolonged use.

Experimental
Chemicals and reagents

Nafion perfluorinated ion-exchange powder as a 5% m/v
solution in amixture of lower aliphatic acohols and 10% water
was obtained from Aldrich (Milwaukee, WI, USA). UA (Sigma,
St. Louis, MO, USA), AA (Wako, Osaka, Japan) and all other
compounds (ACS certified reagent grade) were used without
further purification. Aqueous solutions were prepared with
doubly distilled, de-ionized water.

Apparatus and procedure

All the electrochemical experiments were carried out with a
Bioanalytical Systems (West Lafayette, IN, USA) BAS 100B
electrochemical analyzer. A BAS Model VC-2 electrochemical
cell was employed. The three-electrode system consisted of
GCE as working electrode, an Ag/AgCl reference electrode
(Model RE-5, BAS), and a platinum wire auxiliary electrode.
Since dissolved oxygen did not interfere with the anodic
voltammetry, no deaeration was performed. The GCE working
electrode was first hand polished using a polishing kit (BAS),
then a uniform Nafion coating was achieved by covering the
GCE surface of 0.07 cm2 geometric areawith 6 ul of Nafion at
the desired concentration and spin-coated at 3000 rpm. The pre-
anodization of both the GCE and NCGCE were performed in
the respective supporting electrolyte. FTIR measurements were
carried out with a Bruker (Karlsruhe, Germany) Equinox 55
spectrometer.

The general procedure for the UA detection is as follows.
After modifying the GCE with Nafion of the desired composi-
tion, the NCGCE is pre-anodized at the desired pre-anodization
potential for a given time. Then preconcentration is carried out
at aspecific potential just before detection. The NCGCE can be
easily renewed by cleaning at +2.0 V for 30 sin 0.05 m citrate
buffer solution (pH 5). The pre-anodization procedureitself can
result in a renewed electrode.
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Results and discussion
Electrochemical behavior

The square-wave (SW) voltammogram of 10 um UA on the
GCE in citrate buffer (pH 5) is illustrated in Fig. 1. The SW
voltammetric method was chosen because it has been proved to
be very sensitivein the determination of micromolar amounts of
these analytes on carbon surfaces.i2 The electrochemical
response of UA oxidation on a polished but non-pre-treated
GCE isvery weak and almost no peak is observed. On the other
hand, the polishing and subsequent pre-treatment of the GCE by
anodizing at +2.0 V gives a well defined peak at +0.47 V
corresponding to UA oxidation. Note that the background
current is also found to increase after pre-anodization. Sim-
ilarly, the non-pre-treated NCGCE does not yield any peak but
the pre-anodized electrode yields a very large peak, larger than
that with the pre-anodized bare GCE. Even with the pre-
anodized NCGCE the background current increases con-
siderably. Asthe peak magnitude for NCGCE ishigher than that
for the bare electrode, the further work described here was
restricted to this electrode aone. Of course, the modification of
the Nafion film is mainly for the selective sensing of UA.
Linear sweep voltammetry was carried out to study whether
adsorption or diffusion controls the electrode process. Linear
plots were observed for peak current versus square root of scan
rate, indicating that the charge transfer is a diffusion controlled
process. However, the plots, instead of passing through the
origin, yielded a negative intercept. Therefore, to infer more
about the nature of the process, versatile chronocoulometric
experiments were employed. Thetotal charge obtained with this
technique can be accounted for by three additive terms, which
consist of the charge due to diffusing species, the double layer
charging and the faradaic component due to the reduction of
adsorbed component. If the process is a perfectly diffusion
controlled process, the plot of Q versus t¥2 is expected to pass
through the origin without any intercept. On the other hand, if
thereis adsorption from the electroactive component there will
be an intercept. Only an approximate value of the surface excess
can be achieved by comparing the intercept of the plot obtained
for a solution containing the analyte with the intercept for the
same experiment performed with supporting electrolyte only.
Reversed chronocoulometry was preferred to obtain the exact
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Fig. 1 SW voltammograms for 10 um UA in 0.05 M citrate buffer (pH 5)
at the GCE (aand b) and NCGCE (c and d) without (aand c) and with (b
and d) electrochemical pre-treatment. Conditions; P, = +2.0V;t; = 905,
Py = +0.3 V; t, = 10 s. SW parameters: modulation amplitude, 40 mV;
modulation frequency, 150 Hz; modulation step, 4 mV.

double layer charging component even in the presence of the
adsorbed state.

The chronocoulometric data for UA oxidation are given in
Table 1 for NCGCE with and without pre-treatment. As can be
seen, for the NCGCE without pre-treatment the forward and
reverse intercepts are amost equal (0.57 uC in the forward step
and 0.50 uC in the reverse step). This alows the important
conclusion that the charge observed in the forward scan is
simply dueto the charging of the doublelayer and no adsorption
of UA occurs on the non-pre-anodized NCGCE. For the pre-
anodized electrode, the amounts of charge for these two plots
are different. The double layer charging component is found to
be 2.75 uC whereas the charge in the forward step is 4.01 uC.
After subtracting the double layer charging component, we
obtain an absolute charge of 1.26 uC due to the adsorbed
component. From this charge, the surface coverageiscalculated
to be about 9.3 X 1011 mol cm—2, which is reminiscent of
monolayer coverage.l” These results indicate that, on the pre-
anodized NCGCE, oxidation occurs in the adsorbed state in the
initial stage of the charge transfer and diffusion setsin on top of
that. It is very important to note that adsorption becomes
possible only on the pre-anodized surface.

It iswell known that the pre-anodization of a GCE has great
influence on electron transfer reactions16 It is generally
believed that the pre-anodization followed by cathodization for
a very short time introduces > C=0 functional group on the
surface,21.26:30 which can mediate electron transfer reactions at
the interface.32 There are also other models that suggest porous
electrode surface formation even to the extent of multi-layers,
apart from >C=0 formation on the surface, with the amount
and the size of the pores depending on the pre-anodization
potential .33 Hence there is a considerable increase in electro-
active area and also the bare electrode behaves as a polymer-
modified electrode with diffusion complications because of
these multi-layers. Recent X-ray photoelectron spectroscopic
studies on exclusively pre-anodized electrodes also confirm
this30 Of the total amount of surface functiona groups
generated on pre-anodization, 35% is occupied by >C=0
groups. Most important, this study indicates that the surface
formed >C=0 groups will be reduced and oxidized, slowly
giving rise to large background current. Overall, there are two
possible ways to induce such phenomenon. First, the slow
oxidation and reduction of the =C=0 functional group can
induce alarge background current. Second, the introduction of
polar functional groups at the surface and accompanying ion
incorporation in the inner Helmholtz plane would contribute to
the increase in the double-layer capacitance of the GCE and
hence the increase in background current.2! Note that the
increased background current in the present investigation has a
phenomenological analogue to these reports.

Nagaoka and co-workers?2.23 studied the redox reaction of
adsorbed catechol on a pre-anodized surface and found three
redox pairs, contrary to the observation of a single peak on a
highly ordered pyrolytic graphite electrode. They explained
that, apart from the normal adsorption peak, other peaks arise

Table 1 Chronocoulometry at the NCGCE with and without electro-
chemical pre-treatment. Experimental conditions: E; = +0.2V; Ef = +0.9
V; pulse, 250 ms; 10 s of preconcentration at open circuit. Intercepts were
obtained from Anson plots

Electrolyte Intercept/uC Interceptt/uC
Citrate buffer (pH 5) 0.48 —0.46
Citrate buffer (pH 5)* 2.76 —2.58
10 um UA in citrate buffer (pH 5) 0.57 —0.50
10 um UA in citrate buffer (pH 5)+ 4.01 —2.75

* Anodic response. T Cathodic response.
treatment conditions: P, = +20V;t, = 90s.

+ Electrochemical pre-
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due to the redox process of catechol adsorbed on the micropore
surface. The peak potential differences may arise from the
structural variations of the adsorption sites. In the present
investigation, however, no additional peak was observed. It is
therefore believed that the increased current is not due to an
increased surface area with a porous structure but to some
chemical interaction between the = C=0 groups and the UA. It
isalso important to note that the peak potential is not shifted for
UA but only a peak current increase is observed, showing that
the electron transfer rate is not atered on pre-anodization.
Instead, the availability of UA near or on the electrode surface
has been increased by the presence of >C=0O groups on the
surface.

One possible reason for the preferential adsorption of UA on
the pre-anodized electrode could be the positive chemical
interaction between the UA and the surface produced >C=0.
We strongly emphasize chemical interaction because although
the oxidized surface has energetically different sites on the
surface, UA yielded only one peak, unlike the multiple peaks
observed for catechol oxidation where physical interaction was
postulated.22.23 One possible chemical interaction could be the
hydrogen bonding between the more acidic —H of the UA and
the > C=0 groups present on the surface, as shown in Fig. 2.
Note that we have already observed hydrogen bonding of UA in
poly-4-vinylpyridine filmin aneutral medium and reported that
such bonding can lead to loading of UA into the neutral
PVp.14

The existence of hydrogen bonding was confirmed by FTIR
spectroscopy. The reflection mode FTIR spectrum of UA in
KBr shows absorption bands for N-H stretching at 3139, 3011
and 2819 cm—1, whereas for UA adsorbed on the pre-anodized
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Fig. 2 Reaction scheme for the pre-anodized NCGCE in UA detection.

bare GCE there are absorption bands for N-H stretching at
2967, 2933 and 2863 cm—1. It should be noted that the val ues of
the two high energy absorption bands are considerably |owered
for UA adsorbed on the pre-anodized GCE owing to hydrogen
bonding. Unfortunately, it is very difficult to probe the
hydrogen bonding at the pre-anodized NCGCE by reflective
FTIR owing to the presence of the Nafion film. We attribute the
peak enhancement in this case also to the increase in UA
accumulation by hydrogen bonding, athough an increase in
permselectivity by the pre-anodized NCGCE cannot be ruled
out, as discussed below.

Effect of pH on the oxidation of UA

The pH range is very critical for the voltammetric character-
istics of UA and also as Nafion film, so the effect of pH was
studied in detail. The solution pH has a great influence on the
UA oxidation on the pre-anodized NCGCE, by altering both the
peak current and the shift in peak potential. The peak potential
for UA oxidation showsalinear variation with pH and is shifted
to more negative potentials with a slope of —60 mV pH-1,
suggesting that the total number of electrons and the protons
taking part in the charge transfer is the same. As UA oxidation
is known to occur by a two electron transfer, the number of
protons involved is also predicted to be two. The peak current
shows very interesting non-linear characteristics with pH, as
illustrated in Fig. 3. The peak current remains almost constant in
the pH range 14 (region I), increases very steeply between pH
4and 5 (region I1) and decreases at higher pH (region 111). Inthe
pH range 14, UA exists as a neutral molecule since its pK, is
around 5.4. In region 1, since the dissociation constant is far
from the pH values, the —H ionization (i.e., the acidic character
of UA) will be negligible. Hence the hydrogen bonding between
the —H of UA and the >C=0 groups on the electrode surface
will bevery weak, which leadsto avery small amount of UA on
the surface and hence a very small peak current is observed in
thisregion. Inthe sameway, thelarge current spike at pH values
very close to the dissociation constant can be understood. In
region |1, the—H isalmost on the brink of ionization at these pH

5 0.8

Peak currentiuA
Peak potential/V

Fig. 3 Dependence of the peak current and peak potential on pH in SWV
for 20 um UA a the NCGCE with electrochemical pre-anodization
treatment. Conditions: P, = +2.0V; t, = 305, P, = +0.2V; t, = 10s. SW
parameters; modulation amplitude, 25 mV; modulation frequency, 15 Hz;
modulation step, 4 mV.
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values, hence the acidic character will be the highest for UA.
Hydrogen bonding will be more feasible between UA and the
= C=0 groups, leading to a large amount of UA on the surface
and a large peak current is observed. Similarly, the decrease in
the peak current in solutions of pH higher than the dissociation
constant is accountable in the same way. Because UA isionized
at these pH values and existsin anionic form, almost no UA can
be exchanged into the Nafion film.

The observed trend can aso be explained as follows.
Following anodization the film has been depleted of cationic
species and especialy of protons. The measurements at
different pHs are indicative of a permselective membrane.
Below pH 4, protons predominate over UA in solution. Between
pH 4 and 5, UA becomes the predominant source of protons for
the film and therefore a large increase in the current signal is
observed as UA permeates the film. Above pH 6, UA is
essentially ionized and therefore unable to enter a predom-
inantly anionic film and therefore the current begins to fall.
However, note that the effect of the increase in permsel ectivity
by Nafion on the sensitivity is minor, asindicated in Figs. 1(b)
and (d).

Optimization of parameters for detection

To arrive at the optimum conditions for UA detection on the
pre-treated NCGCE, both the electrode conditions and the SW
parameters must be optimized. As far as the electrode
conditioning is concerned, the pre-anodization potential (Py)
and the Nafion composition were considered. The effect of P,
on the NCGCE isillustrated in Fig. 4(A). The peak current is
constant up to +1.6 V and increases further very steeply to +2.2
V. The literature shows that the irreversible oxidation of GCE
starts around +1.2 V, introducing the = C=0 functional groups
proportionately on the surface. The steep increase in the peak
current can thus be understood by a substantial chemical
interaction between the UA and the large numbers of >C=0
groups present. The saturation of the peak current beyond +2.2
V could bedueto saturation of = C=0 production on the surface
during the pre-treatment.32 The pre-anodization time (t5) aso
has a great influence on the peak current, as illustrated in the
Fig. 4(B). The peak current increases linearly with pre-
anodization time and shows saturation at longer times. From the
aboveresults, P, = +2.0V isfixed for the sensitive detection of
UA on the pre-anodized NCGCE. The Nafion concentration
was varied as another electrode parameter while the maximum
peak current was observed for a 4% m/v solution as shown in
Fig. 5. Anincrease in Nafion concentration obviously increases
the film thickness, and hence the ion-exchange capacity.
However, atoo thick film may render the mass transfer difficult
and result in a decrease in the current response.

The other major factors that should be considered are the
preconcentration potential (Pp), the preconcentration time (tp)
and the SW parameters. The effect of P, isillustrated in Fig.
6(A), where P, was varied from +0.8 to —0.8 V. The peak
current remains almost constant in the potential range from +0.8
to +0.5 V. Obviously in this potential range any UA that arrives
at the el ectrode surface during the preconcentration process will
be oxidized and there will be no accumulation. There is a
sudden increase in the peak current at +0.4 V and a decrease on
further increasein Pp,. The decreasein the peak current probably
occurs because at these negative potentials the =C=0 groups
are electrochemicaly reduced and their abundance on the
surface declines substantially. Hence the optimum P, should be
+0.3V for the sensitive determination of UA. A plot of t, versus
peak current isillustrated in Fig. 6(B), where the peak current
initially increases and at about 30 s it attains saturation. For
convenience, a t, of 10 s was chosen for al subsequent
electrochemical measurements.

Using the pre-anodization conditions mentioned above, the
effect of the SW response on the pre-anodization was studied
since the peak current for UA obtained in SW voltammetry is
dependent on various parameters, such as SW amplitude, SW
frequency and step height. The peak current initially increases
with increase in SW amplitude and reaches a maximum around
40 mV. Hence this value was fixed as the optimum limit in the
detection of UA. Similarly, the effect of SW frequency was
studied and 150 Hz was found to be the optimum. We studied
the effect of step width and interestingly it showed little
influence on the peak current. Overal, the best signal-to-
background current characteristics can be obtained with the
following instrumental settings: modulation amplitude, 40 mV;
modulation frequency, 150 Hz; and modulation step, 4 mV.

Analytical characterization

First the interference effect was studied. Various possible
interfering substances, such as urea, purine, glucose, sucrose
and AA, were examined for their effect on the determination of
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Fig.4 Effectsof (A) P,and (B) t, at the NCGCE on the SW voltammetric
response of 20 um UA. Conditions: (A) P, = +0.2V;t, = 10s;t; = 30s;
and (B) P, = +0.2 V; t, = 10's; P, = +2.0 V. SW parameters as in
Fig. 3.
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1 um UA under the optimum conditions. There was no
substantial changein the peak current. The dataare summarized
in Table 2. It is well known that the UA and AA co-exist in
many biological samples. As AA is a serious interferent, its
effect wasinvestigated in detail. Under the optimum conditions,
the SW voltammograms obtained for 10 um UA with and
without the 300 um of AA indicated almost no change in peak
current. In fact, the tolerance limit was around 0.5 mm.
Although the oxidation potentials of UA and AA areclose, AA
is not detected because of the tuning of the electrode surface to
work at its best selectivity at pH 5. As the pK, value of AA is
4.1, it exists as an anion at pH 5 and is unable to enter Nafion
film. Therefore, it is very reasonable to expect no interference
for UA in the presence of AA at this pH.

Linear calibration curveswere obtained over theranges0.1-3
and 5-10 um in citrate buffer solution (pH 5) (Fig. 7). The slope
(uA um—1) and correlation coefficient are 23.71 and 0.996 over
the range 0.1-3 um and the detection limit (S/N = 3) isaslow
as 10 nm. Note that the detection limit is at least two orders of
magnitude lower than those for most of the other methods. To
characterize the reproducibility of the method, repetitive
measurement—regeneration cycles were carried out in 10 um
UA. To characterize the reproducibility of the Nafion-coated
GCE, repetitive measurement—regeneration cycles were carried
out in 10 um UA. The results of 15 successive measurements
showed an RSD of <2%.

Since the acceptable tolerance of AA concentration for the
determination of UA is as high as 0.5 mm, the method is
applicable to the direct analysis of urine samples. As shown in
Table 3, three human urine samples from laboratory personnel
wereanayzed for UA content with the method presented above.
In order to fit into the linear range, al the samples used for
detection were diluted 5000-fold. The dilution process can
actualy help in reducing the matrix effect of real samples. In
order to ascertain the correctness of the results, the samples
were spiked with certain amounts of UA at about the same
concentrations as found in the samples themselves. The
recoveries for the spiked urine samples were good, between
102.0 and 99.5%.

Conclusions

The combination of pre-anodization to increase the sensitivity
and Nafion film modification to improve the selectivity was
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Fig. 5 Effect of film thickness at the NCGCE without (a) and with (b)
electrochemical pre-treatment on the SW voltammetric response of 50 um
UA. Conditions asin Fig. 3.

found to work excellently in UA detection. The functional
groups generated on the GCE surface during pre-anodization
undergo chemical interaction with the UA, probably through
hydrogen bonding, and adsorption is facilitated. The electro-
chemically pre-anodized NCGCEs can be applied to the
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(B) Pa= 420 V; t = 90 s, P, = +0.3 V. SW parameters: modulation

amplitude, 40 mV; modulation frequency, 150 Hz; modulation step, 4
mV.

Table 2 Influence of potential interferents on the response of UA. UA
concentration = 1 um

Concentration/ Signal change

Interferent um (iua = 100%)
AA 10 +0.93
50 —-112
Urea 50 —1.83
Purine 10 —2.83
Cytosine 10 —242
Cysteine 10 —3.07
Glucose 1 —5.42
Oxalate 1 —2.63
Adenine 1 —2.18
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Fig. 7 Dependence of the SWV peak current on the concentration of UA.

ConditionsP, = +2.0V; t, = 90s; P, = +0.3V; t, = 10s. SW parameters
asin Fig. 6.

Table 3 Determination of UA in three urine samples with the NCGCE.
Number of samples assayed was five

Parameter Urine 1 Urine 2 Urine 3
Original value (ppm) 0.122 + 0.003 0.077 £ 0.002 0.115 + 0.002
Spike (ppm) 0.034 0.034 0.034
Recovery (%) 100.7 £ 0.8 1020+ 0.5 995+ 0.7
Total value (ppm)* 6102+ 145 383.7+109 5752+114

* Total value obtained by multiplying the detected value with the
dilution factor of 5000.

detection of UA in urine samples. Therecovery of spiked UA in
urine samples was good. More importantly, the pre-anodized
electrodes can be easily regenerated and the interference of AA
can be easily avoided.

The authors gratefully acknowledge financial support from the
National Science Council of the Republic of Chinaunder Grant
NSC 87-2113-M-005-020.

References

1 Harper, H. A., Review of Physiological Chemistry, Lange Medical
Publications, San Fransisco, CA, 16th edn., 1977, p. 406.

10
11

12
13

14

15

16

18

20

21

23

24

25

26

27
28

29
30

31

32

33

Park, G., Adams, R. N., and White, W. R., Anal. Lett., 1972, 5,
887.

Yao, T., Taniguchi, Y., and Musha, S., Bull. Chem. Soc. Jpn., 1978,
51, 2937.

Stanford, J. A., and Justice, J. B., Jr., Anal. Chem., 1996, 69, 359A.
Wang, J.,, and Freiha, B. A., Bioelectrochem. Bioenerg., 1984, 12,
225.

Tatsuma, T., and Watanabe, T., Anal. Chim. Acta, 1991, 242, 267.
Keedy, F. E., and Vadgama, P., Biosens. Bioelectron., 1991, 6,
491.

Gonzalez, E., Pariente, F., Lorenzo, E., and Hermandez, L., Anal.
Chim. Acta, 1991, 242, 267.

Gilmartin, M. A. T., Hart, J. P., and Birch, B., Analyst, 1992, 117,
1299.

Rocheleau, M. J., and Purdy, W. C., Electroanalysis, 1991, 3, 935.
Miland, E., Orderes, A. J., Blanco, P. T., Smyth, M. R., and Fagain,
C. O,, Talanta, 1996, 43, 785.

Zen, J-M., and Tang, J.-S., Anal. Chem., 1995, 67, 1872.

Gandour, M. A., Kasim, E.-A., Amrallah, A. H., and Farghaly, O. A.,
Talanta, 1994, 41, 439.

Zen, J-M., Chen, Y .-J, Hsu, C.-T., and Ting, Y-S., Electroanalysis,
1997, 9, 1009.

Cai, X., Kalcher, K., Neuhold, C., and Ogorevc, B., Talanta, 1994,
41, 407.

Zen, J-M., and Chen, P.-J., Anal. Chem., 1997, 69, 5087.
McCreery, R. L., in Electroanalytical Chemistry, ed. Bard, A. J,
Marcel Dekker, New York, 1991, val. 16, p. 221.

Blaedel, W. J,, and Jenlins, R. A., Anal. Chem,, 1975, 47, 1337.
Engstrom, R. C., Anal. Chem., 1982, 54, 2310.

Cenas, N., Rozgaite, J.,, Pocius, A., and Kulys. J., J. Electroanal.
Chem., 1983, 154, 121.

Engstrom, R. C., and Strasser, V. A., Anal. Chem., 1984, 56, 136.
Nagaoka, T., and Yoshino, T., Anal. Chem., 1986, 58, 1037.
Nagaoka, T., Fukunaka, T., Y oshino, T., Watanabe, |., Nakayama, T.,
and Okazaki, S., Anal. Chem., 1988, 60, 2766.

Bowling, R., Packard, R. T., and McCreery, R. L., Langmuir, 1989,
5, 683.

Bowers, M. L., and Yenser, B. A., Anal. Chim. Acta, 1991, 243,
43.

Kamau, G. N., Willis, W. S., and Rusling, J. F., Anal. Chem., 1985,
57, 545.

Hance, G. W., and Kuwana, T., Anal. Chem., 1987, 59, 131.

Rice, R. J,, Pontikos, N. M., and McCreery, R. L., J. Am. Chem. Soc.,
1990, 112, 4617.

Allred, C. D., and McCreery, R. L., Anal. Chem., 1992, 64, 444.
llangovan, G., and Chandrasekara Pillai, K., Langmuir, 1997, 13,
566.

Dean, J. A., Lange's Handbook of Chemistry, McGraw-Hill, New
York, 1973.

Randlin, J. P., in Encyclopedia of Electrochemistry of Elements, ed.
Bard, A. J., Marcel Dekker, New York, 1976, vol. 17, ch. 1.
Barbero, C., Silber, J. J., and Sereno, L., J. Electroanal. Chem., 1988,
248, 321.

Paper 8/01532E
Received February 23, 1998
Accepted April 16, 1998



