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Abstract: In the present study, multiwalled carbon nanotubes (MWCNTs), gold nanoparticles (AuNPs), and glutathione (GSH) were used to
fabricate multilayer nanoscale thin films. The composite thin films were fabricated by layer-by-layer technique as the films were constructed
by the alternate deposition of cationic and anionic polyelectrolytes. The MWCNTSs were modified via a noncovalent surface modification
method using poly(diallydimethylammonium chloride) to form a cationic polyelectrolyte. An anionic polyelectrolyte was prepared by the
chemical reduction of HAuCl, using sodium citrate as both the stabilizing and reducing agent to form anionic AuNPs. GSH was used as an
electrocatalyst toward the electro-oxidation of dopamine. The constructed composite electrode exhibits excellent electrocatalytic activity to-
ward dopamine with a short response time and a wide linear range from 1 to 100 umol/L. The limits of detection and quantitation of dopa-
mine are (0.316 + 0.081) umol/L and (1.054 £ 0.081) umol/L, respectively. The method is satisfactorily applied for the determination of do-

pamine in plasma and urine samples to obtain the recovery in the range from 97.90% to 105.00%.

Keywords: multiwalled carbon nanotubes; gold; nanoparticles; glutathione; dopamine

1. Introduction

Dopamine is an important catecholamine neurotransmit-
ter in the mammalian renal and central nervous systems [1].
Progressive loss of dopamine is likely to results in the neu-
rodegenerative diseases such as schizophrenia, Alzheimer’s
disease, and Parkinson’s disease [2]. Recently, electro-
chemical spectroscopy has gained considerable attention for
the determination of dopamine. However, problems have
arisen with the electrochemical detection of dopamine, such
as the interferences from coexisting species of uric acid and
ascorbic acid, which may overlap the voltammetric re-
sponses at oxidation peak potentials similar to those of do-
pamine [3]. Thus, the development of modified electrodes
for the selective and sensitive detection of dopamine has
been a goal of researchers in this area. Modified electrode
materials developed for the electrochemical simultaneous
detection of dopamine include functionalized carbon-based
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materials [4—6], metal nanoparticles [7-9], and conducting
polymers [10—12]. Among the attractive nanomaterials iden-
tified thus far, multiwalled carbon nanotubes (MWCNTs)
and gold nanoparticles (AuNPs) have been studied in a wide
variety of applications. Special attention has been devoted to
MWCNTs because of their stable chemical and physical
properties, good thermal stability, high surface area, and
high conductivity [13]. AuNPs are mostly used in electro-
catalysis because they enable fast electron transfer on the
surface of electrodes [14].

Recently, MWCNT multilayer thin films have attracted
great interest because of their unique electrical properties
[15], which have made them a promising component for the
fabrication of electrochemical sensors [16]. Within the last
two years, our group has developed an easy procedure to
fabricate thin films of MWCNTs by
layer-by-layer (LbL) technique to improve the films’ elec-

multilayer

trical properties [17]. Because MWCNTSs cannot be easily
dispersed in water or any organic solvent because of van der
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Waals interactions between nanotubes, the nano-
tube—nanotube aggregation tends to occur [18]. The devel-
opment of efficient methodologies for modifying the surface
of MWCNTs is needed to overcome this obstacle. Two
main approaches to the surface modification of MWCNTSs
have been proposed: noncovalent and covalent surface
modification [19].

In this work, MWCNTSs were modified by noncovalent
surface modification using poly(diallydimethylammonium
chloride) (PDADMAC). Multilayer thin films of
MWCNTs-PDADMAC electrodes were fabricated using the
LbL technique. Because our application is based on the
MWCNTS’ electrical conductivity, AuNPs was deposited
onto MWCNT thin films, improving the electrical properties
of MWCNTs composite materials. One benefit of AuNP
deposition onto MWCNTSs was to enhance the electron
transfer on the surface of electrodes. Moreover, the electro-
chemical detection of dopamine was improved by the attach-
ment of glutathione (GSH) to an MWCNTs-PDADMAC/
AuNP composite thin-film electrode to enhance the electro-
de’s specific electrocatalytic activity toward dopamine. The
optical and electrical properties of MWCNTs-PDADMAC/
AuNPs/GSH composite thin-film electrodes were charac-
terized by four-point-probe resistivity measurements and
UV-vis spectrophotometry, whereas the surface morphol-
ogy, thickness, and surface roughness were characterized by
field-emission scanning electron microscopy (FESEM) and
atomic force microscopy (AFM), respectively.

2. Experimental
2.1. Chemicals and materials

MWCNTs (outer-diameter distribution 613 nm; length
distribution 2.5-20 pm), dopamine hydrochloride (CsH;;NO,),
L-Glutathione (C;oH;7N;06S), poly(sodium 4-styrene sul-
fonate) (PSS), poly(diallydimethylammonium chloride)
(PDADMAC), tetrachloroauric(Ill)  acid  trihydrate
(HAuCly-3H,0), and sodium citrate dihydrate (C¢HsNa;O7)
were purchased from Sigma-Aldrich Co. Ltd., USA. All of
the chemicals were used without further purification. All
solutions were prepared using double-distilled water with a
resistivity of 18 MQ-cm.

2.2. Noncovalent surface modification of MWCNTSs

Prior to the coating of MWCNTs with the polyelectrolyte,
PDADMAC was needed to provide the positive charges on
the surface of the tubes via noncovalent surface modifica-
tion. The polyelectrolyte coating improved the MWCNTSs’
dispersion in water. The dispersion of MWCNTs by

PDADMAC was carried out by mixing 5 mg of MWCNTSs
with different concentrations of PDADMAC (0.001, 0.01,
0.1, 0.5, and 1.0 mmol/L). The mixtures were sonicated us-
ing a probe sonicator in an ice bath for 30 min and were
subsequently stored at room temperature for 24 h. For each
different PDADMAC concentration, the dispersion of
MWCNTs was evaluated by UV—vis spectrophotometry at a
wavelength of 550 nm.

2.3. Synthesis of AuNPs

AuNPs were prepared using the Turkevich chemical re-
duction process [20]. The HAuCl,-3H,0O solution was mixed
with a sodium citrate solution, and the resulting mixture was
boiled and stirred until a red-wine-colored solution was ob-
tained. In our experiments, the aqueous HAuCl,:3H,O con-
centration was fixed at 1 mmol/L, whereas the sodium cit-
rate concentration was varied from 10 mmol/L, 20 mmol/L,
and 50 mmol/L.

2.4. VFabrication of indium tin oxide (ITO)/
(MWCNTs-PDADMAC)/AuNPs/GSH-modified electrodes

The indium tin oxide (ITO) substrate was ultrasonically
cleaned with ethanol, acetone, and water, in sequence. To
improve the growth of the MWCNTs'PDADMAC, AuNP,
and GSH composite thin films, the ITO substrate was coated
in an LbL fashion with up to four layers of PDADMAC and
PSS to enhance the adhesion between the composite solution
and the substrate. The surface, with a top layer of polyanion
polymer PSS, was then immersed for 10 min in a solution
containing MWCNTs'PDADMAC and subsequently rinsed
three times with water. The ITO/MWCNTs-PDADMAC
film was then sequentially dipped into 50 mL of AuNP so-
lution to form the desired architecture. Alternating LbL
films of MWCNTs-PDADMAC and AuNPs were prepared
by repeating this process until the desired number of layers
was obtained. The process was then propagated up to nine
layers. Finally, the top layer of the MWCNT/AuNP thin
films was immersed in 50 mL of 100 mmol/L GSH solution.
When completed, the modified electrode was dried with a
stream of nitrogen gas and stored in a closed container. The
modified electrodes were subsequently denoted as
ITO/(MWCNTs'PDADMAC)/AuNPs/GSH.

2.5. Electrochemical measurements

The electrochemical experiments were carried out using
three electrodes, including an ITO/(MWCNTs'PDADMAC)/
AuNPs/GSH-modified electrode as the working electrode,
an Ag/AgCl electrode as the reference electrode, and Pt wire
as the counter electrode. Cyclic voltammetry was performed
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in the potential range from —0.15 to 0.6 V. The measure-
ments were carried out in a 100 mmol/L phosphate buffer
solution (PBS, pH 6.5) at a scan rate of 20 mV-s™' at room
temperature.

2.6. Characterization

UV-vis spectra were collected on a double-beam UV—vis
spectrophotometer (Shimadzu UV1800, China). A Tecnai
T20-G2 transmission electron microscope (FEI, The Neth-
erlands) operated at an accelerating voltage 120 kV was
used to observe the dispersion of MWCNTs in the presence
of PDADMAC and the size and morphology of the AuNPs;
the samples for transmission electron microscopy (TEM)
were deposited onto 200-mesh Cu grids coated with Form-
var. A NanoZS zetasizer (Malvern Instruments, UK) was
used to measure the surface charges of the
MWCNTs'PDADMAC and AuNPs. The surface topogra-
phy and thickness of the multilayer thin films were meas-
ured by AFM (NanoScope 1V, Veeco Instruments, USA)
and FESEM (JSM-7001F, JEOL Solution for Innovation,
Germany). The structures of multilayer films were analyzed
by X-ray diffraction (XRD) (Bruker D8 Advance, Cu K,
radiation, 20° < 26 < 80°). The electrochemical experiments
were performed using an Autolab PGSTAT302N High Per-
formance (Metrohm, The Netherlands); Pt wire was used as
the counter electrode, an Ag/AgCl electrode was used as the
reference electrode, and an ITO/((MWCNTs'PDADMAC)/
AuNPs/GSH-modified electrode was used as the working
electrode.

3. Results and discussion

3.1. Preparation and characterization of ITO/
(MWCNTSs-PDADMAC)/AuNPs/GSH-modified electrodes

Our main motivation in this work was to use the LbL
technique to fabricate the composite (MWCNTs:PDADMAC)/
AuNPs/GSH thin-film electrodes for dopamine detection,
which were constructed by the alternating deposition of
cationic and anionic polyelectrolytes. Cationic MWCNT
polyelectrolytes were prepared by noncovalent surface
modification using PDADMAC as the dispersing agent. The
concentration of PDADMAC strongly affected the disper-
sion of MWCNTs; therefore, different concentrations of
PDADMAC were prepared with MWCNTSs. Pristine
MWCNTSs (5 mg) was dispersed in 100 mL of PDADMAC,
and the polymer concentration was varied from 0.001 to 1.0
mmol/L. Fig. 1(a) shows a plot of the change in absorbance
of the solution as a function of the added PDADMAC con-
centration. solution of aggregated

From the initial
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MWCNTs, as the PDADMAC concentration is increased
from 0.001 to 0.01 mmol/L, the adsorption of the polymer
onto MWCNTs leads to dispersion. The increase in absorb-
ance quickly levels off, suggesting that all of the MWCNTs
present in the solution are dispersed. A further increase of
the PDADMAC concentration to 0.1 mmol/L does not in-
duce any increase in absorbance. During the dispersion pro-
cess, intermolecular interactions improve the solubility of
MWCNTs in the PDADMAC via the quaternary ammoni-
um group of PDADMAC, which is the most hydrophobic
group present in the system and therefore adsorbs and ar-
ranges onto the MWCNTs surface [17].

To further confirm that MWCNTs could be dispersed
with PDADMAC, TEM was used to investigate the disper-
sions. The micrograph presented in Fig. 1(a;) shows that
most of the individual nanotubes are uniform compared to
the bundle of pristine MWCNTs in Fig. 1(a,). An interesting
point was to determine whether the optimum PDADMAC
concentration (0.1 mmol/L) would also be the best condition
for the growth of LbL films. Fig. 1(b) shows that the maxi-
mum deposition is achieved from a solution prepared with
0.1 mmol/L PDADMAC. Interestingly, when the PDAD-
MAC concentration is increased, the absorbance of film de-
creases. It was hypothesized that the high PDADMAC con-
tent led to a competition phenomenon [17]. To characterize
the electrical properties of MWCNTs:PDADMAC multi-
layer films, the electrical conductivity of each prepared film
was characterized using four-point-probe measurements, as
shown in Fig. 1(c). These results show that the conductivity
of the MWCNTs-PDADMAC multilayer thin films reaches
a maximum when prepared from 0.1 mmol/L PDADMAC
at the dispersion step.

Anionic AuNPs were prepared by the reduction of
HAuCl, in the presence of sodium citrate, where sodium
citrate acted as both a reducing and stabilizing agent. The
ability of sodium citrate to stabilize AuNPs was studied by
varying the sodium citrate concentration from 10 mmol/L,
20 mmol/L, and 50 mmol/L while fixing the HAuCl, con-
centration at 1 mmol/L. As shown in Fig. 2, the plasmon
absorption spectra are observed at 520-535 nm, and the
peaks in this region are usually assumed to indicate AuNPs
[21]. The particle sizes of AuNPs observed by TEM in Figs.
2(a;)—(a;) decrease with increasing amount of sodium citrate.
Previous studies [21] have demonstrated that the progressive
addition of HAuCl, to a concentrated solution of sodium
citrate leads to a decrease of the average particle size of the
AuNPs. To investigate the effect of the particle size of
AuNPs on the electrical properties of films, the LbL tech-
nique was used to prepare multilayers of AuNP thin films
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via the deposition of five layers of PDADMAC and AuNPs
prepared from various concentrations of sodium citrate in
the feed solution. Fig. 2(as) shows the electrical properties
of the glass slide coated with five layers of AuNPs stabilized
with sodium citrate. These results demonstrate that the films
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trations exhibit the highest electrical conductivity. The in-
crease in the conductivity of AuNPs might be due to the low
electrostatic repulsion and low charge density of the stabi-
lizer. The low concentration of sodium citrate generated the
dense packing because of the weak repulsive force among

assembled from solutions with lower sodium citrate concen- particles.
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Effect of PDADMAC concentration on the dispersion of MWCNTSs (a) and representative TEM images of MWCNTs dis-

persed with 0.1 mmol/LL. PDADMAC (a,) and pristine MWCNTs (a,), change in absorbance of a glass slide coated with a monolayer
of MWCNTSs-PDADMAC as a function of PDADMAC concentration in the dispersion of MWCNTs (b), and conductivity of 10-layer
MWCNT-PDADMAC/PSS multilayer thin films at various PDADMAC concentrations in the dispersion of MWCNTs (c).

To confirm the successful dispersion of MWCNTs in the
presence of PDADMAC and AuNPs stabilized by sodium
citrate, FTIR was used to analyze the functional groups of
each compound. Fig. 3 shows the FTIR spectra of pristine
MWCNTs, PDADMAC, and MWCNTs dispersed with
PDADMAC. The FTIR spectrum of PDADMAC shows
characteristic peaks at 1191 cm™ and 1510 cm™'; these

peaks correspond to the C—N stretching and C—H bending
vibrations of quaternary ammonium groups, respectively. In
the FTIR spectra of pristine MWCNTs, no absorption peaks
are observed over the investigated wavelength range. By
contrast, characteristic absorbance peaks of both PDAD-
MAC and pristine MWCNTs are observed in the FTIR
spectra of MWCNTs dispersed with PDADMAC. The main
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peaks associated with quaternary ammonium groups are
observed at 1190 cm™ and 1510 cm™ in the FTIR spectra,
demonstrating that the MWCNTs are dispersed. Figs. 3(d)
and (e) show the plots of FTIR spectra of sodium citrate and
AuNPs stabilized by sodium citrate, respectively. The FTIR

Int. J. Miner. Metall. Mater., Vol. 23, No. 10, Oct. 2016

spectrum of sodium citrate shows characteristic peaks at
1416 cm™ and 1693 cm™ for the C—O and C=0 stretching
vibrations of carboxylic groups, respectively. All character-
istic absorbance peaks of sodium citrate are also observed in
the FTIR spectra of AuNPs stabilized by sodium citrate.
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Fig. 2. Absorption spectra of AuNPs prepared using different concentrations of sodium citrate, where the insets are the TEM im-
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Fig. 3. FTIR spectra of pristine MWCNTs (a), PDADMAC
(b), MWCNTs-PDADMAC (c), sodium citrate (d), and AuNPs
stabilized with sodium citrate (e).

The goal of this work was to deposit anionic AuNPs and
cationic MWCNTs into composite thin films using the LbL
technique. The main driving force in the construction of
composite thin films was the electrostatic interaction be-
tween anionic AuNPs stabilized with sodium citrate and
cationic MWCNTs dispersed with PDADMAC. The surface
charges of anionic AuNPs and cationic MWCNTs could be
estimated via the measurements of zeta potential. The ani-
onic AuNPs and cationic MWCNTs were observed to have
zeta potentials of (=32.36 + 0.05) mV and (53.96 £ 0.01)
mV, respectively. UV—vis spectrophotometry and AFM
were used to monitor the growth of composite thin films as
a function of the number of layers. The multilayer of anionic
AuNPs and cationic MWCNT composite thin films is
shown in Fig. 4. The increase in absorbance and thickness
are constant for each deposition step because the amount of

materials being deposited for each dipping cycle is constant.
The electrical conductivity of the prepared composite thin
films is presented in the inset of Fig. 4, which shows that the
electrical conductivity increases with increasing number of
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Fig. 4. Thickness, absorbance, and conductivity values as a function of the number of layers of (MWCNTs-PDADMAC)/AuNP
multilayer films and representative digital images of assembled (MWCNTs-PDADMAC)/AuNP multilayer films.

layers. On the basis of the four-point-probe measurements,
the composite thin films with nine layers are identified as
exhibiting the best conductivity among the grown thin films.

The surface topography of MWCNTs-PDADMAC and
AuNP composite thin films as functions of the number of
layers is shown in Fig. 5. The amounts of MWCNTs and
AuNPs in the composite films are increased by increasing
the number of layers. The nanoparticles are densely packed
onto the films’ surface, where they exhibit an interconnec-
tion network structure, as observed in the FESEM images in
Fig. 6. The LbL films exhibit the separated individual

Number of layers

Morphological evolution
Two-dimensional scanned
at2 pm

91.92 £1.37

RMS roughness / nm

101.12+1.21

MWCNTs because of the electrostatic repulsion between
nanotubes that act against van der Waals interactions that
yield the close-packed aggregates; the electrostatic
cross-linking between cationic MWCNTs and anionic
AuNPs during the LbL process also contributes to the ag-
gregate formation. This aggregate formation leads to ran-
domly oriented, kinetically driven MWCNT and AuNP ar-
rangements in the films. The root-mean-square (RMS)
roughness values determined from AFM images at 3, 5, 7,
and 9 layers are (91.92 £+ 1.37), (101.12 + 1.21), (128.39 £
1.53), and (304.02 £ 1.74) nm, respectively.

7 9

128.39 £ 1.53 304.02+1.74

Fig.5. AFM images of assembled (MWCNTs-PDADMAC)/AuNPs/GSH multilayer films.

To confirm the growth of the MWCNT and AuNP com-
posites, XRD was used to analyze the crystalline structure of
the composite thin films. The XRD pattern of pristine
MWCNTs is shown in Fig. 7(a). Prominent peaks in the
XRD pattern of pristine MWCNTs are observed at 25.90°

and 42.70°, representing the [002] and [100] reflections of
carbon, respectively. In Fig. 7(b), the XRD patterns of the
AuNP thin films exhibit the identical characteristic [111],
[200], [220], and [311] reflections at 38.50°, 44.36°, 64.73°,
and 77.63°, respectively, representing the diffraction planes
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of the cubic structure of Au metal. All of the characteristic
reflections of pristine MWCNTs and AuNPs are observed in
the XRD pattern of MWCNTs:PDADMAC and AuNP
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Fig. 7. XRD patterns of pristine MWCNTSs (a), multilayer
films of AuNPs (b), and multilayer films of (MWCNTs-PDAD-
MAC)/AuNPs/GSH (c).

GSH was used as an electrocatalyst toward the elec-
tro-oxidation of dopamine. The LbL technique was used to
pattern GSH molecules onto the top layer of MWCNTs:
PDADMAC/AuNP composite thin films. The nine layers of
negatively charged MWCNTs- PDADMAC/AuNP compos-
ite thin films were immersed in a GSH solution at pH 7.00.
The adsorption of GSH at the thin-film interface was con-
trolled by a diffusion process. Time played a major role in
the formation of a multilayer. The occurrence of high depo-

Int. J. Miner. Metall. Mater., Vol. 23, No. 10, Oct. 2016

composite thin films (Fig. 7(c)), demonstrating the success-
ful fabrication of composite thin films using the LbL tech-
nique.

Fig. 6. FESEM images of LbL-as-
sembled multilayer thin films of
(MWCNTs'PDADMAC)/PSS (a), mul-
tilayer thin films of AuNPs (b), and
multilayer thin films of (MWCNTs-
PDADMAC)/AuNPs/GSH (c).

sition at pH 7.00 was due to the high positively charged
density of the GSH solution. The amine group of cysteine in
GSH was completely ionized at pH 8.75 or less [22] and
could act as a cationic polyelectrolyte for film assembly.

3.2. Electrochemical detection of dopamine using
ITO/(MMWCNTs-PDADMAC)/AuNPs/GSH-modified
electrodes

Fig. 8 displays a representative schematic of dopamine
electrochemical oxidation at an ITO/((MWCNTs PDADMAC)/
AuNPs/GSH-modified electrode. The free carboxylic groups
of GSH enhanced the electrostatic interaction between the
negatively charged electrode and positively charged dopa-
mine molecules. Dopamine was electrochemically oxidized
into dopamine-o-quinone, resulting in the improved selec-
tivity and sensitivity of the ITO/((MWCNTs-PDADMAC)/
AuNPs/GSH-modified electrodes toward dopamine.

To investigate the ability of the ITO/(MWCNTs:
PDADMAC)/AuNPs/GSH-modified electrodes to detect
dopamine, the cyclic voltammograms of 200 umol/L dopa-
mine were recorded in 0.1 mol/L PBS buffer solutions at
different pH levels. The electrochemical behavior of dopa-
mine also included the transfer of protons, consistent with
previous reports [23-25]. The voltammograms in Fig. 9
show that the oxidation peak potential of dopamine shifts
toward the negative potentials with increasing pH value,
suggesting that dopamine oxidation involves a two-proton
and two-electron process [26]. The oxidation peak current
(/) of dopamine reaches a maximum at pH 6.5.
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Fig. 9. Cyclic voltammograms of 200 pumol/LL dopamine at
different pH levels (pH 5-pH 8), as collected using the
ITO/(MWCNTs-PDADMAC)/AuNPs/GSH-modified electrode
at the scan rate of 20 mV-s ™.

To elucidate the kinetics of electrode reaction, the effect
of scan rate (V) on the electrochemical behavior of dopa-
mine was investigated. Fig. 10 shows the cyclic voltammo-
grams of 200 pmol/L. dopamine in pH 6.5 PBS buffer solu-
tion at various scan rates (10-100 mV-s ') on an
ITO/((MWCNTs' PDADMAC)/AuNPs/GSH-modified elec-
trode. The oxidation peak current (/) is observed to increase
with increasing scan rate. The plot of /; as a function of V' 12
in the range from 10 to 100 mV-s' results in a lin-
ear-regression equation as /, = 52.029 V2~ 104.01; the plot
shows an excellent linear relationship (R* = 0.995). The
modified electrode exhibits the good electrochemical deter-
mination of dopamine in the scan-rate range from 10 to 100
mV-s ', suggesting that the electrode potential is controlled
by the diffusion process.

Fig. 11 presents the -electrochemical response of
ITO/(MWCNTs- PDADMAC)/AuNPs/GSH-modified elec-
trodes to different concentrations of dopamine (Cpopamines
10-100 pumol/L). The oxidation peak currents are observed
to increase with increasing dopamine concentration. The
corresponding linear-regression equation for dopamine is
expressed as Luoge = 0.779Cpopamine T 9.013, with a correla-
tion coefficient of 0.9983. Therefore, the results demon-
strated that the modified electrode was stable for dopamine
detection when used as an electrochemical sensor. The limit

of detection (LOD, 3SD/slope of calibration) and limit of
quantitation (LOQ, 10SD/slope of calibration) were (0.316
+ 0.081) pumol/L and (1.054 + 0.081) umol/L, respectively,
which were substantially better than those of the previous
modified electrode, as summarized in Table 1.
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—100mV/s — 50 mV/s
500 F—90mV/s —40mV/s
400 | —80mV/s  —30mV/s
70 mV/s  —20mV/s
300 F —60 mV/s  — 10 mV/s —
200 L /
< 100 | e
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600 . [V./ (mV-s"')]' 2

-0.15 —-0.05 0.05 0.15 025 035 045 055 0.65
E/Vvs. Ag/AgCl

Fig. 10. Cyclic voltammograms of 20 pmol/L. dopamine at
various scan rates (10-100 mV-s™) and oxidation peak current
VS. scan rate.

The ITO/(MWCNTs:PDADMAC)/AuNPs/GSH-modified
electrode was used to detect dopamine in the presence of
KCl, C¢H;,04, CaCOs, uric acid, ascorbic acid, and citric
acid. The effects of interfering substances were tested by
mixing 200 pmol/L dopamine with the maximum concen-
tration of each interfering species in biological fluids. Fig.
12 presents the electrochemical oxidation peaks obtained
with an electrode modified to function in the presence of
dopamine and interfering species. According to the results,
KCl, C¢H,04, CaCOs, uric acid, ascorbic acid, and citric
acid do not interfere with the determination of dopamine.
The oxidation current of all mixed solutions of dopamine
and interfering species are observed to have the same oxida-
tion current as dopamine, demonstrating its high selectivity
detection.

The stability and repeatability of the ITO/(MWCNTs:
PDADMAC)/AuNPs/GSH-modified electrodes for the de-
tection of dopamine were investigated through a number of
cycles. The results in Fig. 13 for the determination of 200
pmol/L dopamine in 0.1 mol/L PBS buffer solution were
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Fig. 11. Cyclic voltammograms of various concentrations of dopamine (1-100 pmol/L) on an ITO/(MMWCNTs-PDADMAC)/

AuNPs/GSH-modified electrode.

Table 1. Performance comparison of different modified electrodes for the detection of dopamine.
. H S te / D i / Limit of detection /
Electrode materials P can ra_le vname ra_rllge it orce e_cl on Reference
value (mV-s) (umol'L™) (pmol'L™)
Carbon paste electrode/Rhodamine B 7.0 5 6-1000 3.99 [27]
Carbon paste electrode/SDS micelles 7.0 80 8134 3.70 [28]
Carbon paste electrode/PBD-MWCNTs 7.0 100 30-800 1.00 [29]
Carb.o.n paste electrode/Horseradish peroxidase. im- 6.5 100 17-1900 2.00 [30]
mobilized on PEGylated polyurethane nanoparticles
Glassy carbon electrode/MWCNTs 8.0 50 3-200 0.80 [31]
Carbon paste electrode/L-arginine 5.6 50 50-100 0.50 [32]
ITO/MWCNT-PDADMAC/AuNPs/GSH 6.5 20 1-100 0.316 This work
200 | Interferences I,/ nA 150
- . . IS - * . = *
Standard dopamine 137.482
160 L Potassium chloride  139.496 130 -
Glucose 137.848 160
Calcium carbonate  139.526 Ve
120 + Uric acid 140.167 10 1201 [\ -~
Ascorbic acid 137.421 i < 80 i /
<:cL 80 I Citric acid 139.374 = 90 - 3 401
= =~ ~
T ot / 70 °r
— SAtandetl)r_d y —40 -
ol — Ascorbic aci 80 ) . ) , ,
[ — Calcium carbonate 50 - =0.15 0.00 015 030 045 0.60
Citric acid
40 — Glucose E/Vvs. Ag/AgCl
/ - Potassmm Cthl’idC 30 1 | | | 1 1 1 1
~80 . . ,  —Uric acid 12 3 4 5 6 7 8 9 10
-0.15 0.00 0.15 0.30 0.45 0.60 Number of cycle

E/Vvs. Ag/AgCl

Fig. 12. Effect of coexisting substances on the detection of
dopamine, where the inset is the oxidation peak current of 100

Fig. 13. Reproducibility of the cyclic voltammetric responses

PBS (pH 6.5).

pmol/L coexisting substance mixed with 100 pmol/L. dopamine

solution on an ITO/(MWCNTs-PDADMAC)/AuNPs/GSH-mo-

dified electrode.

of an ITO/(MWCNTs-PDADMAC)/AuNPs/GSH-modified elec-
trode in 100 pmol/L. dopamine solution containing 0.1 mol/L

observed to have good stability and repeatability, with a rel-

ative standard deviation (RSD) of 0.45% after the same
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modified electrode is used ten times; thus, this electrode is
attractive for use in pharmaceutical electrochemical sensors.

Table 2 shows the cyclic voltammetric responses of an
ITO/(MWCNTs-PDADMAC)/AuNPs/GSH-modified elec-
trode for the determination of dopamine in real samples.
Biological fluids such as plasma and urine were used for

analysis of dopamine using the method of standard additions.

The results show that the recovery of the plasma samples
ranges from 97.90% to 110.00% for plasma samples, with
an RSD of 0.75%—1.48%. By contrast, the recovery of urine
samples ranges from 96.10% to 105.00%, with an RSD of
1.09%-3.49%. These results demonstrated that an
ITO/(MWCNTs'PDADMAC)/AuNPs/GSH-modified elec-
trode could be an appropriate choice for the simultaneous
determination of dopamine in biological samples.

Table 2. Determination results for dopamine in real samples

Concentration of dopamine /

_ R / RSD/
Samples (umol-L 1) ecovery
% %
Added Found
0 Not detected — —
1 1.10+£0.01 110.0 1.48
4.89+0.03 97.9 0.75
Plasma
10 10.04 £0.02 100.4 1.87
30 29.94 +£0.01 99.8 0.81
50 50.40 £0.02 100.8 0.98
0 Not detected — —
1.05+0.01 105.0 3.04
. 4.80+0.01 96.1 349
Urine
10 10.16 £ 0.02 101.6 0.85
30 29.92 +£0.01 99.7 1.27
50 50.51£0.03 101.0 1.09

4. Conclusions

In this work, the LbL deposition technique was success-
fully used to fabricate a composite electrode of MWCNTs,
AuNPs, and GSH for the determination of dopamine using
the cyclic voltammetry technique. The composite electrode
was prepared by electrostatic interaction of the cationic
MWCNTs dispersed with PDADMAC and the anionic
AuNPs. The positively charged GSH was used as an elec-
trocatalyst toward the electro-oxidation of dopamine. The
modified composite electrode exhibits the high efficiency in
dopamine detection, with the excellent stability and repro-
ducibility. This new information related to the ITO/
(MWCNTs-PDADMAC)/AuNPs/GSH-modified electrode
prepared by LbL technique can be of great interest for the

determination of dopamine in biological fluids and in the
pharmaceutical industry.
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