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A glassy carbon electrode (GCE) modified with phytic acid (PA) and single-walled carbon nanotubes
(SWNTs) were investigated by voltammetric methods in buffer solution. The PA-SWNTs/GCE-modified
electrode demonstrated substantial enhancements in electrochemical sensitivity and selectivity towards
dopamine (DA) in the presence of L-ascorbic acid (AA). The PA-SWNTs films promoted the electron transfer
reaction of DA, while the PA film, acting as a negatively charged linker, combined with the positively charged
DA to induced DA accumulation in the film at pH under 7.4. However, the PA film restrained the
electrochemical response of the negatively charged AA due to the electrostatic repulsion. The anodic peak
potentials of DA and AA could be separated by electrochemical techniques, and the interferences from AA
were effectively eliminated in the DA determination. Linear calibration plots were obtained in the DA
concentration range of 0.1-10 M and the detection limit of the DA oxidation current was determined to be
0.06 1M at a signal-to-noise ratio of 3. The results indicated that the modified electrode is used to determine
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DA without interference from AA.
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Introduction

Significant efforts have been made for the application of
CNTs due to their excellent biocompatibility and electron
transfer ability after the discovery' of carbon nanotubes
(CNTs). Recently CNTs have been intensively employed as
modification materials on the surface of carbon fiber,>’
gold,*” platinum,®® graphite,'®!" and glassy carbon elec-
trodes.!”!® Their modified electrodes, with supporting
molecules as a binder or ion-exchanger, have been applied to
the determination of many biomolecules, such as DA,'"?
Serotonin (5-hydroxytryptamine, or 5-HT),?¢ hydrogen
peroxide,””?® amino acids,” glucose,***? dihydronicotinamide
adenine dinucleotide (NADH),**** and heavy metals.

Phytic acid (PA), a naturally derived material from legume
seeds, cereal grains, and beans, is biocompatible, nontoxic,
and green to the environmental and biological applications.
The structure of PA has 12 acid groups attached symmetri-
cally to a cyclohexanehexol ring. The six protons among
them are strongly acidic with approximate pK, values below
3.5, and the remaining six are very weakly acidic with pK,
values between 4.6 and 10.7 Therefore, PA is usually a
negatively charged molecule over pH > 1.5, and has a strong
tendency to interact with positively charged metal jons***
or proteins*! due to its unique structure and property. A large
negative charge on a PA molecule under the appropriate
conditions renders PA a good candidate as a polydentate
binder or a negatively charged linker molecule. Assembled
layer-by-layer films of PA with inorganic nanoparticles such
as TiO2,"™* Fe0;,* and Fe;O4-chitosan*® were reported,
and the direct electrochemistry of cytochrome c,* hemo-
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globin,* and proteins*! absorbed into these films has also
been investigated. In this study, a PA-SWNTs/GCE-modi-
fied electrode was prepared with single-walled CNTs
(SWNTs) and PA as a binder and a charge linker on the bare
glassy carbon electrode. The modified electrode was studied
for the DA voltammetric response in the presence of AA.
The PA-SWNTs/GCE-modified electrode accumulated DA
into the film by ion-pairing process, and largely improved
the DA electrochemical response. The oxidative potentials
of DA and AA could be separated by the modified electrode,
thereby enabling the independent determination of DA in the
presence of AA.

Experimental

Chemicals and electrochemical apparatus. SWNTs
(1.2-1.5 nm in diameter produced by arc method) purchased
from Aldrich were purified with 6.0 M HCI solution. PA,
DA, and AA were also purchased from Aldrich. All other
reagents used were of analytical grade. The pH of the
phosphate buffer saline (PBS) solution was adjusted with 0.1
M H3PO4 and 0.1 M NaOH. High purity argon was used for
deaeration. All experiments were carried out at room
temper-zature. Doubly distilled water with resistibility over
18 MQcm in a quartz apparatus was used to prepare all
aqueous electrolyte solutions.

Cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) were performed with a three-electrode poten-
tiostat [Bioanalytical Systems (BAS) 100B/W] in a ground
Faraday cage. DPV conditions were 20 mV/s scan rate, 50
mV pulse amplitude, and 50 msec pulse width for DA



2364  Bull. Korean Chem. Soc. 2007, Vol. 28, No. 12

H,PO,

O4PHy

H2 PO4|nnm.......

H,PO,
Figure 1. Structure of the phytic acid (PA).

determination in the presence of AA. A platinum-wire
electrode was used as an auxiliary electrode. A Ag/AgCl
electrode supplied by BAS was used as the reference
electrode. The PA-SWNTs/GCE-modified electrode was
used as the working electrode. GCE (3 mm in diameter) was
purchased from BAS. All potentials were reported with
respect to the Ag/AgCl electrode at room temperature under
argon atmosphere. The pH measurements were performed
by pH glass electrode with a JENCO meter.

Preparation of the PA-SWNTs/GCE-modified elec-
trode. Ultrasonic agitation for 30 min was used to disperse 1
mg SWNTs and 1% PA (10 mg) into 1 mL of water to make
a black and homogeneous suspension. The GCE surface was
highly polished with alumina paste, sonicated with ultra-
sonic agitation for 5 min, washed with 1.0 M HCI solution,
and then rinsed with distilled water several times and
methanol finally. After being cleaned thoroughly, the GCE
surface was heated with an IR lamp, and then the heated
GCE was coated with 5 uL of the black suspension contain-
ing PA and SWNTs. The water was evaporated in the air at
room temperature, and the coated GCE was dried under the
IR lamp to produce the PA-SWNTs/GCE-modified elec-
trode. The modified electrode was activated in 0.1 M PBS
solution at pH 7.4 by successive cyclic scans between —0.6
and +0.8 V. Before and after each experiment, the modified
electrode was washed with distilled water and reactivated by
the method mentioned described above. All experiments
were carried out in a 15 mL electrolytic cell with 5 mL PBS
solutions, where dioxygen was removed by purging with
high-purity argon for experiments continuously.

Results and Discussion

Surface morphology of the PA-SWNTs/GCE-modified
electrode. The SEM image of the surface of the PA-SWNTs/
GCE film electrode clearly shows the existence of SWNTs
in bundles with diameters of 15-25 nm, and some of the
bundles twisted together, shown in Figure 2.’ The length of
the SWNT bundle was immeasurable as both ends of the
bundle were not shown simultaneously. The image illustrates
the uniform dispersion of SWNTs on the electrode, and the
possible absorption of PA on the wall of the SWNT bundles.

Electrochemical response of dopamine at the PA-SWNTs/
GCE-modified electrode. The DA cyclic voltammograms
(CVs) at the bare GCE, SWNTs/GCE, and PA-SWNTs/
GCE-modified electrodes in the PBS solution at pH 7.4 were
shown Figure 3. Figure 3a shows the voltammetric response
of 10 M DA at the bare GCE. A small anodic peak DA
current was observed in PBS solution at pH 7.4, but its
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Figure 2. SEM image of the PA-SWNTSs film on a glassy carbon
electrode.
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Figure 3. Cyclic voltammograms for the electrochemical response
of 10 M DA at a bare GCE (a), SWNTs/GCE-modified electrode
(b), and PA-SWNTs/GCE-modified electrode (c) in PBS solutions
at pH 7.4 with a scan rate of 100 mV/s.

background current was low. There were no voltammetric
responses on the PA-SWNTs/GCE-modified electrode in the
blank PBS solution, nor on the bare GCE at the same
potential range (not shown). CVs of 10 zM DA at the PA-
SWNTs/GCE-modified electrode in PBS solution at pH 7.4
are given in Figure 3c. The DA anodic potential (0.174 V) at
the modified electrode was slightly shifted to negative
direction when compared with that at the bare GCE (0.212
V), and the DA oxidative current at the modified electrode
was largely increased relative to that at the bare GCE,
indicating the DA electrocatalytic ability of the modified
electrode. The electrocatalytic effect was attributed to the
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larger available surface area of the modified electrode due to
the nanometer dimensions of the nanotubes, the excellent
electrical characteristics of the PA-SWNTs film electrode,
and the strong combination tendency PA to DA by electro-
static interaction. To prove the enhancement effect of PA-
SWNTs for DA oxidation, a comparison experiment was
also performed at the pure PA-modified GCE, with no
increase in the peak DA currents being observed. Stripping
voltammograms at a concentration of 10 x#M DA further
confirmed the strong combination tendency of PA to DA and
the DA adsorption to SWNTs on the PA-SWNTs/GCE-
modified electrode surface. The accumulation time had little
effect on the DA oxidation peak currents at the bare GCE,
but these currents increased significantly with increasing
accumulation time at the PA-SWNTs/GCE-modified elec-
trode.

The effect of scan rate (0.025-0.625 V/sec) on DA
oxidation at the modified electrode by CV was investigated
in PBS solution at pH 7.4. The anodic peak current of the
modified electrode in the DA solution increased linearly
with increasing scan rate, indicating that direct electron
transfer between DA and the modified electrode occurred on
the modified electrode surface. The first cathodic peak
current also increased linearly with increasing scan rate. The
linearity of the plots was very reasonable, with correlation
coefficients of 0.999 on the anodic current and 0.987 on the
cathodic current, as shown in Figure 4. Therefore, the
electrode DA reaction at the modified electrode seems to
have been an adsorption-controlled process.

The amount of SWNTs on the GCE surface is related to
the thickness of the cast film and the total specific surface
area, and therefore influences the DA adsorption on the
electrode surface. The anodic peak DA current may be
dependent on the amount of SWNTs on the GCE. The
relationship between the amount of SWNTs on the GCE and
the DA oxidation peak current was examined by the
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controlled volume (7 L) of the solution of 1 mg SWNTs
and 1% PA in 1 mL water. At first, the oxidation peak
current increased gradually with increasing volume of the
dispersion solution over the electrode surface because of the
increased DA adsorptions on the electrode surface. When
the volume of the dispersion solution exceeded 7 L, no
obvious changes in the peak currents were observed, sug-
gesting that the increased film thickness no longer affected
the DA adsorption and that the electron transfer processes
within the PA-SWNTs film were sufficiently rapid. However,
the charging current was also increased with increasing
amount of SWNTs on the electrode surface, and thereby
obstructed the DA determination at low concentration levels.
Therefore, the optimal volume of 7 xL. was chosen in the
next experiments.

The pH of the supporting electrolyte has a significant
influence on the DA electrooxidation at the PA-SWNTs
film-modified electrode by affecting both peak current and
peak potential. Figure SA shows CVs of 50 mM DA in the
different pH solutions, and Figure 5B illustrates the depen-
dences of the DA anodic peak current and redox potential on
the buffer solution pH. The anodic peak current increased
with increasing solution pH, while the DA peak current
peaked at pH 7.4. Because the physiological pH was close to
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Figure 4. Cyclic voltammograms obtained at different scan rates
from the PA-SWNTs/GCE-modified electrode in PBS solution at
pH 7.4 containing 10 zM DA. Scan rates: 0.025-0.625 V/s. Inset:
plots of anodic and cathodic peak currents as a function of scan
rate.
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Figure 5. Cyclic voltammograms of 50 M DA in different pH 4.3
(a), 5.1 (b), 7.4 (c), 8.2 (d), and 9.1 (e) solutions at the PA-SWNTs/
GCE-modified electrode (A), and the dependences of the DA peak
current and redox potential on the PBS solution pH (B) with a scan
rate of 100 mV/s.
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Figure 6. Effect of accumulation times on the peak current of 10
#M DA at the PA-SWNTs/GCE-modified electrode in PBS
solutions at pH 7.4 with a scan rate of 100 mV/s.

pH 7.4 and the anodic current was higher at pH 7.4, PBS
solution at pH 7.4 was chosen for use in all experiments. The
effect of pH on peak DA current may have resulted from its
ion-pair with PA and adsorption on the PA-SWNTs/GCE-
modified electrode. DA (pK,=8.87) is known to be a
catecholamine molecule and can become protonated as
cations at lower pH. Meanwhile, pK, of PA is below 3 (for
six protons) and 4-10 (for other six protons) as mentioned
above, so PA may become deprotonated and gain a negative
charge with increasing pH. At low pH, PA is dominantly
protonated and DA is also protonated, and thier electrostatic
attraction between DA and PA on the PA-SWNTs/GCE-
modified electrode may be weak. At high pH, PA is domin-
antly deprotonated and DA is also deprotonated, and the ion-
pairing of DA and PA may be inefficient. However, thier
electrostatic attraction between DA and PA on the PA-
SWNTs/GCE-modified electrode may be strong around pK,
of DA, and the ion-pairing of DA and PA is efficient. The
oxidative potential shifted negatively with increasing pH due
to the participation of protons in the electrode reaction.

The effect of accumulation times on the peak DA current
was studied. The peak currents increased very quickly with
increasing accumulation time (Fig. 6). This phenomenon
demonstrates that rapid ion-pairing of DA with PA on the
surface of the PA-SWNTs/GCE-modified electrode was
responsible. The peak currents increased rapidly with the
accumulation time for the determination of 10 4M DA,
while the peak DA current on the electrode was not mark-
edly increased with further increase in the accumulation time
due to surface saturation. The DA sensitivity at lower
concentrations was improved by increasing the accumu-
lation time. Therefore, an accumulation time of 120 sec was
chosen to save analysis time in all experiments.

The effect of accumulation potentials on the peak DA
current was studied. The peak current increased with
increasingly negative accumulation potential up to —0.4 V,
but then remained almost constant (Fig. 7). Therefore, an
accumulation potential of —0.4 V was chosen in all experi-
ments.

The reproducibility and reusability of PA-SWNTs/GCE-
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Figure 7. Effect of accumulation potentials on the peak current of
10 uM DA at the PA-SWNTs/GCE-modified electrode in PBS
solutions at pH 7.4 with a scan rate of 100 mV/s.

modified electrode for DA determination were investigated.
Repetitive DA determinations were carried out in the
solution of 10 M DA in 0.1 M PBS solution at pH 7.4. The
PA-SWNTs/GCE-modified electrode was easily regenerated
by potential cycling between —0.6 V to 1.0 V at a scan rate
of 100 mV/s in blank PBS solution. In the cycle of
preconcentration, determination, regeneration, and cleaning,
the relative standard deviation (RSD) of 3.0% was obtained
for DA for five replicate measurements. This result confirms
the good stability and reproducibility for DA determination
of the recommended method using the fabricated PA-
SWNTs/GCE-modified electrode.

DA determination in the presence of AA at the modi-
fied electrode. The amount of negatively charged polymer
in the electrode film should promote the selectivity and
sensitivity of DA detection in the presence of interfering
molecule. PA can be used as a negatively charged molecule
to improve DA determination in the presence of AA. DA
determination in the presence of AA was investigated in
order to establish its selectivity. DPV was used to improve
the resolution among the voltammograms. In separated
experiments, the anodic waves of DA and AA overlap
completely, making it very difficult to measure absolutely
the DA anodic current in the presence of even a small excess
of AA at the bare GC electrode. DPV of AA showed that the
oxidative potential was shifted in a negative direction to
—0.07 V at the modified electrode, and that the anodic peak
current was largely decreased when compared with that at
the bare GCE.

Figure 8 illustrates a series of DPVs obtained for DA at
varying concentrations (0.0 £zM-10 M) in the presence of 1
mM AA at the modified electrode in 0.1 M PBS solution at
pH 7.4. In the absence of DA, DPV of AA presented an
anodic oxidative peaks of AA (-0.07 V), and indicated a
small anodic peak current of AA. With the addition of DA to
the solution of AA, a new anodic peak appeared, corre-
sponding to DA oxidation. The anodic peak current corre-
sponding to the DA oxidation potential (0.16 V) was
increased with increasing DA concentration in the presence
of AA, without the variation of anodic peak currents of AA.
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Figure 8. DPVs for 0.0, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and 10 zM DA
in the presence of 1 mM AA at the PA-SWNTs/GCE-modified
electrode in PBS solution at pH 7.4 with a 20 mV/s scan rate, 50
mV pulse amplitude, and 50 msec pulse width.
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Figure 9. Plots of DA anodic current in the presence of AA as a
function of the DA concentration at the PA-SWNTs/GCE-modified
electrode.

The DA anodic current exhibited a linear relationship with
DA concentration, even in the presence of AA, with a
correlation coefficient of 0.998 in the concentration region
studied (Fig. 9). The detection limit was 0.06 &M at a signal-
to-noise ratio of 3 in PBS solution at pH 7.4 to represent a
biological pH. The RSD of the same modified electrode in 5
successive scans was about 2.2% for 10 M DA in the
presence of AA, confirming the significant reproducibility
of the modified electrode. This result supports the ability of
the PA-SWNTs/GCE-modified electrode to determine DA
concentration without any interference from AA. Mean-
while, the anodic peak potentials of DA (0.16 V) and AA
(—0.07 V) at the modified electrode were all distinguishable.
The DA detection presenting as a positive charge in 0.1 M
PBS solution at pH 7.4 was enhanced by the electron
attraction between PA and DA, whereas the AA detection
presenting as a negative charge was reduced by the electron
repulsion between PA and AA. This effect enabled the
selective and sensitive DA determination in the presence of
AA.
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Analytical applications for dopamine determination.
The applicability of the modified electrode as an electro-
chemical sensor was tested for the determination of DA
hydrochloride injection, in the presence of AA as interfering
substance. The concentration of DA hydrochloride in the
injection was determined by applying a calibration plot
using the procedures proposed in this paper. The DA
obtained from voltammetric method results in the injections
(n = 5) were as follows: 1.00 M DA (labeled) in the pre-
sence of 1 mM AA, 1.01 zM DA (found), 2.2% RSD.

Conclusions

The PA-SWNTs/GCE-modified electrode is a useful and
effective sensing device for selective and sensitive DA
determination in the presence of high AA concentration. The
modified electrode was easily prepared in a rapid and simple
procedure, and demonstrated good enhancements of sensi-
tivity and selectivity. The combination of SWNTs as the
electron transfer promoter and PA as the negatively charged
binder on the electrode surface produced an efficient
electrochemical sensor towards DA.
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