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A highly sensitive electrochemical detection method for dopamine (DA) has been developed by relying on a multi-
walled carbon nanotube (CNT)-sol-gel titania-Nafion composite film modified glassy carbon (GC) electrode. The
CNT-titania-Nafion/GC electrode exhibited excellent electrocatalytic activity towards DA. Therefore, the CNT-titania-
Nafion/GC electrode showed improved voltammetric and amperometric responses for DA compared to those obtained
with both titania-Nafion/GC and Nafion/GC electrodes. The CNT-titania-Nafion/GC electrode gave a linear response
(R2 =0.999) for DA from 0.5 uM to 0.5 mM with a detection limit (S/N =3) of 0.1 uM and a good sensitivity of 150
mA/M while other electrodes such as CNT-Nafion/GC, titania-Nafion/GC, and a bare GC gave a sensitivity of 89,
39, and 36 mA/M, respectively. Besides, the CNT-titania-Nafion/GC electrode displayed very fast response time
within 2 s. The modified electrode showed good selectivity against ascorbic acid. The modified electrode showed good
stability and reproducibility. The CNT-titania-Nafion/GC electrode was applied to the determination of DA in urine

and serum samples.
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Introduction

Dopamine (DA) is one of the most significant neurotrans-
mitter and plays an important role in the central nervous, renal,
hormonal, and cardiovascular systems. Abnormal DA level may
results in some serious diseases such as Parkinson’s disease
and schizophrenia.1 Therefore, the detection of DA in biological
samples is very important. As well known, the major difficulty
in the electrochemical DA detection is the interference effect
from ascorbic acid (AA), which exists about 100 - 1000 times
higher concentration than DA which is sub uM concentration in
the extracellular fluid of the central nervous system. Moreover,
DA and AA have similar anodic peak potentials at almost all
electrode materials, which result in overlapped voltammetric
responses.”” Besides, the oxidized DA mediates the electro-
chemical oxidation of AA, and the electrode surface can be
easily fouled by the product of AA oxidation.” In order to solve
these problems and to enhance the selectivity and sensitivity,
many approaches have been studied over the past several de-
cades.” " These include pretreatment and modification of elect-
rode surface with various materials such as self-assembled
monolayers,”” permselective film coatings such as Nafion®
and electropolymerized polymer,’ zeolite,” cyclodextrins,’ and
DNA.

Because of the excellent electrocatalytic activity of noble
metal nanoparticles (NPs),1 "4 carbon based nano-materials
such as nanoﬁbelr,15 graphene,” and nanotube,lo‘lg’zo the DA
sensors based on these nano-materials exhibited good sensitivity
and stability. Despite of these great advantages of those carbon-
based nano-materials, the insolubility of them, especially carbon
nanotube (CNT), in most solvents is one of the most difficult
obstacles for their wide application in electrochemical sensors.

"This paper is dedicated to Professor Hasuck Kim for his outstanding
contribution to electrochemistry and analytical chemistry.

Previously, we reported that the incorporation of Nafion in the
sol-gel derived titania film results in greater pore size (3.14 nm)
than that of the pure Nafion film (2.82 nm), thus leading to faster
diffusion of analyte into the film and also leading to the increased
charge transport.”” In addition, the titania-Nafion composite has
the ability to disperse the CNT.” Therefore, the CNT-doped
titania-Nafion mesoporous composite has been advantageously
used for the fabrication of phenol,”* alcohol” and glucose™
biosensors. The biosensors based on the CNT-titania-Nafion
composite film exhibited substantial improvement in long-term
stability because of the mechanical stability as well as biocom-
patibility of the composite film. Therefore, the present CNT-
titania-Nafion composite can combine the advantages of CNT
with those of the titania-Nafion composite, and thus can be used
for the fabrication of CNT-based electrochemical sensors and
biosensors. In this paper, we describe the characteristics of the
CNT-titania-Nafion/GC electrode for the electrochemical de-
tection of DA by cyclic voltammetry (CV), amperometry, and
square-wave voltammetry (SWV). The attractive performance
of the CNT-based DA sensor was evaluated over other reported
DA sensors. The CNT-titania-Nafion/GC electrode was applied
to the determination of DA in urine and serum samples. The
proposed method showed good recovery and reproducibility.

Experimental

Reagents. Titanium(IV) isopropoxide (Ti(OR)s (R = CH
(CH3)32, 99.999%)), Nafion® (perfluonated ion-exchange resin
solution, 5 wt % in mixture of lower aliphatic alcohols and
water), 3-hydroxytyramine hydrochloride (dopamine, 98%) and
L-ascorbic acid (AA, 99+%) and uric acid (UA) were purchas-
ed from Aldrich Chemical Co. (Milwaukee, WI, USA). Multi-
walled CNT (95% purity, diameter: 30 + 15 nm, and length: 5 -
20 pm) was obtained from NanoLab (Newton, MA, USA).
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Water for all solutions was purified using a Milli-Q water puri-
fication system (Millipore, Bedford, MA, USA). Unless other-
wise noted, all chemicals were reagent grade and were used
without further purification.

Instrumentation. All electrochemical experiments were per-
formed with an EG&G PAR 273A potentiostat/galvanostat
(EG&G Princeton Applied Research, Princeton, NJ, USA)
with a conventional three-electrode system in a 15 mL electro-
chemical cell. Electrochemical impedance experiments were
performed with EG&G 273A potentiostat (Oak Ridge, TN,
USA) and Frequency response detector model 1025 (Oak Ridge,
TN, USA). The working electrode was GC electrode (0.07 cm’,
Bioanalytical Systems Inc.) coated with the composite films,
and a platinum wire as the counter electrode. All the potentials
quoted here were relative to an Ag/AgCl (3 M NaCl) reference
electrode.

Preparation of CNT-titania-Nafion/GC electrode. The titania
(Ti0») sol was prepared by the hydrolysis and condensation by
mixing 1 mL of 0.15 M Ti(OC4Hy)4 dissolved in propan-2-ol
and 3 mL of deionized water and followed by 7 uL of 0.1 M HCI
solution under vigorous stirring for at least 1 h similar to the
previous report.22 The titania sol was mixed with diluted Nafion
(EtOH : Nafion=4 : 1, v/v) to form the titania-Nafion composite
solution (1:1, v/v). A 1.0 mg CNT was dispersed in 1.0 mL
titania-Nafion composite solution, and the mixture was agitated
in an ultrasonic bath for 90 min, giving a black dispersion.

GC electrode was polished before each experiment with 0.05
um y-alumina powder, rinsed thoroughly with distilled water.
An aliquot of 2 uL. CNT-doped composite solution was hand-
cast on the surface of a pre-cleaned GC electrode. The thin com-
posite films were dried for 10 min at room temperature and the
modified electrode was stored in 0.05 M phosphate buffer at
pH 7.0 for 30 min in order to swell the composite modified
GC electrode. When not in use, the electrode was stored in
0.05 M phosphate buffer at pH 7.0.

Experimental conditions. Cyclic voltammetric experiments
employed at a scan rate of 50 mV/s in the scan range of 0.3 ~
+0.8 V. SWV was used for the determination of DA in the pre-
sence of AA. SWYV conditions were 25 mV pulse height, 10 mV
step height, 20 Hz frequency and 100 mV/s scan rate. Ampero-
metric experiments were carried out in an electrochemical cell
containing 10 mL of 0.05 M phosphate buffer at pH 7.0 under
constant stirring. A magnetic stirrer (600 rpm) and a stirring bar
provided the convective transport in the amperometric experi-
ments. A working potential of +0.4 V vs. Ag/AgCl (3 M NaCl)
was applied to the working electrode and the background current
was allowed to decay to a steady state before aliquots of standard
solutions of DA were added to the electrochemical cell. All
experiments were performed at room temperature.

Electrochemical impedance measurement. A conventional
three-clectrode system was employed with a platinum wire as
counter electrode, glassy carbon (0.07 cm’) electrode coated
with the prepared composite films as a working electrode, and
an Ag/AgCl (3 M NaCl) reference electrode. The AC impedance
spectra were recorded in 5.0 mM K3Fe(CN)s and K4Fe(CN)g)
(1:1, v/v) solution in 0.05 M phosphate buffer (pH 7). The
spectra were obtained in the frequency range from 100 mHz to
100 kHz at a bias potential of 0.0 V with alternating voltage of
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5.0 mV. The impedance spectra were plotted in the form of
impedance plane plot (Nyquist plots).

Results and Discussion

Electrochemical behavior of CNT-titania-Nafion/GC elect-
rode. Figure 1 shows cyclic voltammograms of DA at bare GC
and different modified GC electrodes in 0.05 M phosphate bu-
ffer (pH 7.0). The voltammetric behavior of DA at the bare GC
electrode showed almost irreversible electrode reaction with
sluggish and small responses at +0.34 V for the oxidation pro-
cess and +0.06 V for the reduction process. The titania-Nafion
composite modified GC electrode also exhibited irreversible
DA voltammetric behavior with even larger peak separation
(AE, = 0.42 V) than at the bare GC electrode (AE, = 0.28 V)
because of the mass transport barrier of the titania-Nafion com-
posite film on the GC electrode surface. However, the anodic
current for DA increased almost twice because the DA exists
as a cation in 0.05 M phosphate buffer (pH 7.0), which can be
sensitively detected at the negatively charged titania-Nafion
composite modified GC electrode via electrostatic interaction.
The CNT-titania-Nafion/GC electrode exhibited less positive
oxidation potential at +0.29 V and less negative reduction po-
tential at +0.07 V, and the anodic current for DA obviously in-
creased 2.5-fold and 1.4-fold larger than those obtained at a bare
GC and titania-Nafion/GC electrode, respectively. The result
indicates that CNT has obvious catalytic effect towards the
oxidation of DA as reported previously in the literature'® and
the titania-Nafion composite is a good matrix for the fabrication
of the CNT-based electrochemical sensors.”” When the CNT is
doped only in Nafion, the CNT-Nafion/GC electrode exhibited
40% smaller anodic current for DA than that at the CNT-titania-
Nafion/GC electrode, and even 17% smaller than at the titania-
Nafion/GC electrode. The result indicates that the titania-Nafion
composite is much more effective matrix than the pure Nafion
for the construction of CNT-based electrochemical sensors.
The larger anodic current for DA at the CNT-titania-Nafion/GC
electrode than at the CNT-Nafion/GC electrode in the present
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Figure 1. Cyclic voltammograms of 1.0 mM DA at bare GC (a), titania-
Nafion/GC (b) and CNT-tatania-Nafion/GC (c) electrodes. Inset: CVs
of 1.0 mM DA at Nafion/GC (d) and CNT-Nafion/GC (e) electrodes
in 0.05 M phosphate buffer at pH 7 with a scan rate of 50 mV/s.
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study is possibly due to the greater mass transport rate in the
CNT-titania-Nafion composite film than in the CNT-Nafion
composite film. In our previous work, the pore size (3.14 nm)
of'the titania-Nafion composite film determined from BET test
was larger than that (2.82 nm) of pure Nafion film.” In addition,
the titania-Nafion composite film (pore volume = 0.28 cm’ gfl)
was more porous than the pure Nafion film (pore volume =
0.020 cm’g "). Therefore, the DA can easily diffuse into the
CNT-titania-Nafion/GC electrode surface through the inter-
connected porous channels in the composite film.

Electrochemical impedance spectroscopic experiment has
been carried out to probe the features of the composite-modified
electrode surface. The diameter of the semicircle lying on the
Z, corresponds to the charge transfer resistance (R.) of the redox
probe ions, [Fe(CN)]* /* at the electrode interface. Figure 2
shows the Nyquist plots obtained at the different modified GC
electrodes. The R value measured at the Nafion-modified GC
electrode was very high (1671 kQ) because of the repulsive
interactions (electrostatic and steric) between the negatively
charged redox probe ions, [Fe(CN)s]’ /" and the negatively
charged Nafion-modified GC electrode surface. The repulsion
impedes the charge-transfer through the interface. When the
titania-Nafion composite is used instead of pure Nafion, the
R value has almost halved (878 kQ) because of the increased
charge transport within the titania-Nafion composite film. When
the CNTs were incorporated into the titania-Nafion composite,
the R, value decreased dramatically to 151 kQ. This reflects
that the conducting and electrocatalytic features of the CNTs
facilitate the charge transfer between the probe and the elect-
rode surface. Similar result was also reported in literature.”’
However, when the CNTs were incorporated into the pure Na-
fion, the R value increased significantly to 1302 kQ. This re-
flects again that the titania-Nafion composite is much more
effective matrix than the pure Nafion for the construction of
CNT-based electrochemical sensors because of the larger pore
size and porosity.

Optimization of experimental conditions. The effect of opera-
tional potential on the amperometic detection of DA was studied
over the potential range 0f 0.0 - 0.6 V with 0.05 mM DA in
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Figure 2. Nyquist plots of 5.0 mM K4Fe(CN)s/K3Fe(CN)g solution in

0.05 M phosphate buffer at Nafion/GC (o), CNT-Nafion/GC (0©),
titania-Nafion/GC (®) and CNT-titania-Nafion/GC (e) electrodes.
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0.05 M phosphate buffer at pH 7.0. As shown in Figure 3, the
DA responses at the CNT-tiatania-Nafion/GC started at 0.2 V
vs. Ag/AgCl (3 M NaCl), and then rapidly increased as the po-
tential was positively changed from 0.2 to 0.35 V. When the
potential was further changed up to 0.4 V, the response reached
a plateau value. Although higher over-potential for the oxida-
tion of DA results in higher response, a potential of 0.4 V was
selected as an optimum potential for all subsequent ampero-
metric experiments because the higher operational potential re-
sults in the increased interference from the oxidation of coexist-
ing electroactive species such as AA and UA.

The effect of solution pH on the response of 0.01 mM DA
was investigated at the CNT-titania-Nafion/GC electrode over
the pH range 4 - 10. As shown in Figure 4, the anodic currents
of DA were significantly small at alkaline solution (pH >9.0)
compared to those at other pH range tested (4.0 < pH < 8.0).
Since the pK, of DA is 8.9, DA is deprotonated at alkaline solu-
tion (pH > 9.0) and thus neutral DA is no longer electrostatically
attracted into the negatively charged CNT-titania-Nafion com-
posite film, which leads to the low amperometric response.

Response characteristics of CNT-titania-Nafion/GC elect-
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Figure 3. Effect of anodic current of 0.05 mM DA on the working
potential of the CNT-titania-Nafion/GC electrodes (n = 3).
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Figure 4. Effect of solution pH on the amperometric response of 0.01
mM DA at the CNT-titania-Nafion/GC electrode at a potential of 0.4 V.
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rode for DA. Using the optimum conditions obtained in the
above studies, calibration curves of the DA sensor based on
the CNT-titania-Nafion/GC electrode have been constructed by
amperometry. As shown in Figure 5, the CNT-titania-Nafion/
GC electrode gave a linear response (R*=0.999) for DA from
0.5 uM to 500 uM with a detection limit (S/N =3) of 0.1 pM
and a good sensitivity of 150 mA/M while other electrodes such
as CNT-Nafion/GC, titania-Nafion/GC, and a bare GC gave a
sensitivity of 89, 39, and 36 mA/M, respectively. The high sen-
sitivity of the present DA sensor based on the CNT-titania-
Nafion/GC electrode can be attributed to the porous nature of
sol-gel titania-Nafion composite film as well as the electro-
catalytic effect of CNT. As summarized in Table 1, the present
DA sensor based on the CNT-titania-Nafion/GC electrode dis-
played a relatively low detection limit even without the addi-

tional loading of noble metal NPs such as Pt, Au and Pd' " or
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Figure 5. Calibration curves of DA at bare GC (), titania-Nafion/GC
(0), CNT-Nafion/GC (o) and CNT-titania-Nafion/GC (m) electrodes.
Inset: typical current-time responses for 0.1 mM DA obtained at bare
GC (a), titania-Nafion/GC (b), CNT-Nafion/GC (c) and CNT-titania-
Nafion/GC (d) electrodes.

Table 1. Performance comparison of the DA sensors based on different
electrode materials

Electrode material Linear range Deltier:rclﬁon Reference
Au/GC 15-135uM 92 uM 11
Pt/Nafion/GC 30- 60uM 0.01 pM 12
Nafion /PtAu/GC 0.103-1.65mM  N.A.f 13
Au/PE/PS/BDD’ 50-100pM 0.8 uM 14
Pd/CNF-CPE* 0.5-160 uM 0.2 uM 15
GNS-Nafion/GC* 0.5-10uM  0.02 uM 16
Graphene-Nafion/GC 4-100 uM  2.64 uM 17
C60-CNT/GC 0.02-02uM 0.03 pM 18
Pt-CNT/GC 0.04-20uM  0.03 uM 19
Nafion/Pt@Auw/CNT/GC ~ Upto 120 uM  0.08 uM 20
PU-C/Ni(I)/GC* 025-30uM  0.08 uM 21
CNT-titania-Nafion/GC 0.5-500 M 0.1 pM This study

“Not applicable, “Gold NPs and polyelectrolytepolystyrene moditied bo-
ron-doped diamond electrode, ‘Pd NPs-loaded carbon fibers modified
carbon paste electrode, dGraphite nanosheet-Nafion/GC, ‘Polyurethane
and electropolymerized Ni complex/GC.
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a complicated CNT modification step.lg'zo However, the pre-
sent sensor showed a relatively wide linear dynamic range from
0.5 uM to 500 uM. Moreover, the present DA sensor based on
the CNT-titania-Nafion/GC electrode exhibited relatively fast
response time less than about 2.0 s, which is much faster than
those at the CNT-Nafion composite film (4.6 s) and titania-
Nafion composite film (2.4 s) as shown in the current-time re-
sponse profile (Figure 5, inset). It also results from the greater
pore size of the titania-Nafion than pure Nafion and electro-
catalytic effect of CNT.

Selectivity of CNT-titania-Nafion/GC electrode for dopa-
mine detection. In order to verify the selectivity of the present
CNT-titania-Nafion/GC electrode for DA detection, SWVs
were obtained at the bare GC (Figure 6A) and the CNT-titania-
Nafion/GC electrode (Figure 6B) for 0.5 mM DA (dashed line),
0.5 mM AA (dot line) and a mixture of 0.5 mM DA and 0.5 mM
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Figure 6. Square-wave voltammograms of 0.5 mM DA + 0.5 mM AA
(solid line), 0.5 mM DA (dashed line), and 0.5 mM AA (dot line) at bare
GC (A) and CNT-titania-Nafion/GC (B) electrodes. Pulse height =
25 mV, frequency = 20 Hz, step height=10 mV, scan rate = 100 mV/s.

Table 2. Dopamine recovery tests in human urine and serum samples

Sample Added dopamine Obtained dopamine Recovery %
PIC  concentration (uM) concentration (LM) (£ SD)

Urine’ 10.0 10.07 1002 +5.8

Serum” 10.0 9.66 96.6 = 0.47

“1000 times dilution with PBS. “200 times dilution with PBS.



Determination of Dopamine Based on CNT/TiO,-Nafion

AA (solid line). As can be seen in Figure 6A, the anodic peak
potentials of DA (Ep.=0.25 V) and AA (E. =0.28 V) at the bare
GC electrode were very close to each other and were almost
indistinguishable. Thus, the mixture of DA and AA produced a
single voltammetric peak at 0.27 V, which is a major problem
for electrochemical detection of DA in real biological samples.
In contrast, the DA anodic current obtained at the CNT-titania-
Nafion/GC electrode was about twice larger than that at the bare
GC electrode as shown in Figure 6B, while the AA anodic cur-
rent was almost negligible because the negatively charged CNT-
titania-Nafion composite film repels the negatively charged
ascorbate anion and thus allows positively charged DA alone
to reach the electrode surface. In addition, the anodic current of
the mixture of 0.5 mM DA and 0.5 mM AA obtained at the
CNT-titania-Nafion/GC electrode were only 1.7% larger than
that of only 0.5 mM DA in the absence of AA. Like the AA,
UA also had no interference effect at the CNT-titania-Nafion/
GC electrode (data are not shown). The result indicates that the
presence of Nafion in the CNT-titania-Nafion composite film
greatly diminishes the interferences from AA and UA.

The recovery of DA in spiked human urine and serum sam-
ples were examined by SWV. The urine and serum samples
were 1000-fold and 200-fold, respectively, diluted with 0.05 M
phosphate buffer and SWVs were obtained at the CNT-titania-
Nafion/GC electrode. The results are listed in Table 2. For the
five independent measurements, the recovery of urine sample
was 100.2% with 5.8% standard deviation, while the recovery of
serum sample was 96.6% with 0.47% standard deviation. This
indicates that the CNT-titania-Nafion/GC electrode has high
selectivity for DA and can be used even in a biological sample
where the large amount of AA and UA are present.

Conclusions

The CNT-titania-Nafion composite film modified GC elect-
rode has been used for a highly sensitive and selective electro-
chemical determination of DA in human urine and serum sam-
ples. Due to the large pore size of the composite film of sol-
gel-derived titania-Nafion film, the present DA sensor based
on the CNT-titania-Nafion/GC electrode the exhibited very fast
response time less than 2 s. In addition to the large pore size,
the incorporation of CNT within the titania-Nafion composite
films increased the DA response because of the electrocatalytic
activity of CNT towards DA and the decreased charge transfer
resistance in the composite-modified GC electrode. Thus, the
present DA sensor based on the CNT-titania-Nafion/GC elect-
rode displayed a reasonably good sensitivity along with a de-
tection limit (S/N = 3) of 0.1 uM without a complicated CNT
modification step or the additional loading of noble metal NPs
such as Pt, Au, and Pd. Moreover, the present DA sensor almost
completely eliminated the interference from AA and UA in the
biological samples without an additional Nafion film coating
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process on the DA sensor commonly employed in other DA
sensors. The sensitivity of the present DA sensor along with
its good selectivity and reproducibility might allow us for its
potential use in the diagnosis of DA-related diseases.
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