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Abstract In this paper, we report the synthesis and elec-
trocatalytic activity of electrodeposited Fe,O,; nanoparti-
cles modified on a glassy carbon electrode as highly sen-
sitive sensors for determination of catecholamines. Results
showed that the Fe,O; nanoparticles on a glassy carbon
electrode exhibit excellent catalytic activity toward cat-
echolamines oxidation, including levodopa, dopamine, and
epinephrine, resulting in a marked lowering in the peak
potential and considerable improvement of the peak cur-
rent as compared to the electrochemical activity at the bare
glassy carbon electrode. The electrochemical characteriza-
tions of catecholamines were performed using cyclic vol-
tammetry, chronoamperometry, and differential pulse vol-
tammetry techniques. The electrocatalytic currents increase
linearly with the levodopa, dopamine, and epinephrine con-
centrations in the ranges of 0.0625-1000, 0.25-1500, and
0.125-1000 uM, respectively, and the detection limits (30)
were 24 £ 2, 14 + 2, and 12 + 2 nM, respectively.

Keywords Magnetic nanoparticles - Levodopa -
Dopamine - Epinephrine - Electrocatalysis - Modified
electrodes - Hematite

Introduction
Today the use of nanomaterials has been increased due to

their unique properties, including their remarkable elec-
trical, chemical, mechanical not only for the fundamental
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scientific interest of the materials, but also for their broad
range of applications [1]. Nanoparticles have the signifi-
cantly advance nanomaterial-based applications which can
be made to promote the electron transfer reactions and pro-
vide great catalytic surface areas for the modification of
electrode surfaces and enhanced electrochemical reactivity
[2-4]. In recent years, finding materials containing advan-
tages such as easy preparation, low cost, high stability, and
easily separation from solution by an external magnetic
field have been the center of attention of researchers [5].
Among various materials, iron oxide nanoparticles have
received a lot of attention due to high abundance, low cost,
high resistance to corrosion, large surface area-to-volume
ratio, and environmentally friendly properties have been
more attention [6, 7]. Iron oxide, Fe,0; (hematite), is the
thermodynamic stable crystallographic phase of iron oxide
under ambient conditions, which widely used as catalyst,
pigment, gas sensor, and electrode materials [8, 9]. Fe,0;
is an attractive material to consider for photo-electrochem-
ical research into solar energy conversion. It shows good
stability under operation in aqueous solutions as it resists
both dark and photo-corrosion, and its relatively small
band gap energy of 2.2 eV enables it to absorb most of the
photons of solar spectrum [7]. Many groups have synthe-
sized Fe,O5 nanoparticle through various methods. Goyal
et al. [10] used ultrasonic mist chemical vapor deposition
method for synthesized Fe,O; nanopowder. The Fe,O;
nanopowder was used to modify electrode for determina-
tion of dopamine. Doping of different metal ions or metal
oxides into Fe,O; will find new application or improve the
performance of existing applications. For example, Suresh
et al. [11] reported that the Co-doped a-Fe,O; powders
which synthesized by the hydrolysis method exhibit higher
sensitivity and better selectivity to ascorbic acid and uric
acid than the pure Fe,O;. It is still a challenge to synthesize
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Fe,O; nanoparticles via a one-step process. Among vari-
ous methods that have been employed to synthesize Fe,0;
nanoparticles, considerable attention has been paid to elec-
trochemical methods due to their low cost, high sensitivity,
ease of operation, and compatibility with micro-fabrication
technology. Electrochemical methods, compared to chemi-
cal methods, have shown some important advantages such
as being inexpensive, sensitive, selective, and able to gener-
ate reproducible results [12].

Levodopa, dopamine, and epinephrine are the important
catecholamines neurotransmitter in the mammalian central
nervous system and biological body fluids. Many life phe-
nomena are related to the concentration of catecholamines
in blood. Therefore, a simple, fast, and sensitive method is
necessary for determination of their concentration in both
biological fluids and pharmaceutical preparations [13—-16].
However, so far several methods have been used for the
determination of catecholamines including capillary elec-
trophoresis, spectrophotometry [17], high-performance
liquid chromatography [18], and chemiluminescence [19].
Nevertheless, these methods often have diverse disadvan-
tages such as high cost, low selectivity, the use of organic
solvents, complex sample preparation procedures, or long
analysis time; in contrast, the utilization of electrochemi-
cal methods based on a chemically modified gathered much
attention of researchers because of high sensitivity, low
cost, simplicity, and reproducibility of this approach [20,
21].

In this work, we have developed electrodeposited Fe,0;
nanoparticle as an effective platform for the electrocatalytic
oxidation of catecholamines. To the best of our knowledge,
no study has been published so far reporting the electro-
analytical applications of electrodeposited Fe,O; nanopar-
ticles as sensors for determination of catecholamines. The
experimental results indicate that modified electrode facili-
tates electron transfer on surface of the electrode, reduces
the overpotential, and also offers several advantages such
as high repeatability and good stability. The modified elec-
trode with Fe,O5 used for the determination of the levo-
dopa, epinephrine, and dopamine.

Experimental
Apparatus and chemicals

The electrochemical measurements were performed with
a potentiostat/galvanostat (SAMA 500, Iran). A conven-
tional three-electrode cell was used. A saturated calomel
electrode (SCE), a platinum wire, and a glassy carbon
electrode modified by Fe,O; nanoparticles were used as
the reference, counter, and working electrodes, respec-
tively. A Metrohm 781 pH/ion meter was used for pH
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measurements. The buffer solutions were prepared from
orthophosphoric acid and its salts in the pH 7.0. All solu-
tions were freshly prepared with double-distilled water.
Analytical grade FeCl;-6H,0 and all other reagents were
acquired from Merck (Darmstadt, Germany).

Electrodeposition of Fe,0; nanoparticle on GCE

In fabricating an electrochemical sensor, a GCE surface
was initially polished using a slurry alumina on a polish-
ing cloth and then rinsed with water. The modified elec-
trode was prepared as follows: electrochemical deposition
of Fe,0; nanoparticle on GCE was carried out in a con-
ventional three-electrode cell including a mixed aqueous
solution of 5 mM FeCl; +5 mM NaF 4+ 0.1 MKCl + 1 M
H,0,. Electrochemical growth process was done by a
potential cycling procedure, at a potential sweep rate of
100 mV s~ !, from —0.5 to 0.8 V for a whole of ten cycles
[22]. Fluoride was added to decrease the reduction poten-
tial of Fe’* to Fe?*, and the KCI was used as a support-
ing electrolyte. There are two functions of H,O,: One is
to produce OH™ during the reduction process so that the
pH in the immediate vicinity of the working electrode
increases, aiding the electrodeposition of iron hydroxides;
the other is to stabilize the dopant precursor in aqueous
solution [22, 23].

Results and discussion

Characterization of the Fe,O; nanoparticles

The response of an electrocatalyst is related to its physi-
cal morphology of its surface. Figure 1 displays the SEM

images of the electrosynthesized iron oxide nanoparti-
cles. It can be seen that the surface of modified electrode
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Fig. 1 SEM image of Fe,O; nanoparticle
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is homogeneous and the surface of the substrate is well
covered.

Electrocatalytic oxidation of catecholamines at a Fe,O,/
GCE

Cyclic voltammetry of catecholamines at a Fe,0;/GCE
toward oxidation of LD, DA, and EP in 0.1 M phosphate
buffer (Fig. 2) have been investigated. As can be seen, the
anodic peak potential for LD, DA, and EP, oxidation at
the bare GCE (curves b) are about 225, 164, and 130 mV,
respectively, while the corresponding potential at Fe,O5/
GCE (curves c) is 100, 118, and 120 mV, respectively.
The comparison of the oxidation of catecholamines
at Fe,O;/GCE (curve b) and GCE (curve a) shows an
enhancement of the anodic peak current (2.9, 3.2, and
3.7 for LD, DA, and EP, respectively), which indicated
that the presence of Fe,O; nanoparticles could enhance
the peak currents. Therefore, all the three peak potentials
have positive shifts. These shifts in the oxidation peak
potentials and the increase in the peak current in the pres-
ence of Fe,O; nanoparticles indicate that the modified
electrode plays a catalytic effect on the oxidation of cat-
echolamines. This electrocatalytic effect was attributed to
the fine dispersion, nanometer size, large accessible sur-
face per volume, and low resistance, for electron trans-
fer between catecholamines and the modified electrode
which results in the improvement on the electrochemical
response.

Cyclic voltammetry was used for indicating the effect
of potential scan rate on the oxidation of LD, DA, and EP,
in 0.1 M phosphate buffer (A, B, and C in Fig. 3, respec-
tively), at the Fe,O;/GCE. As is observed in Fig. 3, the
oxidation peak potential shifted to more positive potentials
with increasing scan rate, confirming the kinetic limitation
in the electrochemical reaction. Also, plots of anodic peak
currents (Ip) versus the square root (v'"?) of scan rate were
linearly in the range of 5-300 mV s~!. Voltammograms

Fig. 2 CVsrecordedin 0.1 M
phosphate buffer solution (pH
7.0) and in +0.50 mM of A LD,
B DA, and C EP at the surface
of Fe,0;/GCE (a), bare GCE
(b), and Fe,04/GCE in buffer
without analyt (c)

show that the oxidation process of catecholamines at the
modified electrode is controlled in a diffusion rather than
surface controlled. The slopes of the linear segments in
Fig. 3 can be used to extract the kinetic parameters o,
(anodic transfer coefficients). The evaluated values are
53 x 107", 4.3 x 1071, 5.0 x 107" for the LD, DA, and
EP, respectively.

Chronoamperometric studies of catecholamines at a
Fe,0;/GCE

The oxidation of LD, DA, and EP at Fe,O;/GCE was also
studied by chronoamperometry. Chronoamperograms rep-
resent the current—time profiles obtained by setting the
working electrode potential in 0.5 mM of LD, DA, and
EP (A, B, and C in Fig. 4, respectively) at the surface of
Fe,05/GCE (curve a) and bare GCE (curve b). All elec-
trodes reach a steady-state Faradic current response within
approximate 20 s. It was observed that the Fe,O;/GCE
(curve a) produces a higher steady-state current density in
comparison with that of the bare electrode during the whole
measurements. This could be attributed to the higher elec-
trochemically active surface area of the Fe,O3/GCE (curve
a) which is in agreement with the results of cyclic voltam-
metry of catecholamine oxidation.

Calibration plot and limit of detection
for catecholamines at a Fe,O;/GCE

Differential pulse voltammetry was used to obtain the lin-
ear concentration range and detection limit of catecho-
lamines at the Fe,O5;/GCE. Figure 5 shows a DPV for
determination of LD, DA, and EP (A, B, and C in Fig. 5,
respectively), at different concentrations using the Fe,0;/
GCE. The voltammograms clearly show that the plot of
peak current versus LD concentration consists of two lin-
ear segments with different slopes; the linear response
was: LD, a slope of 3.67 x 107! wA uM~! for the first
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Fig.3 CVs of Fe,O5/GCE in 0.1 M phosphate buffer solution (pH
7.0) at various scan rates of A LD, numbers 1-7 correspond to 5,
10, 20, 50, 100, 200, and 300 mV s~! scan rates, respectively. B
DA, numbers /-9 correspond to 5, 10, 20, 30, 50, 100, 200, 300 and

400 mV s~! scan rates, respectively. C EP, numbers 1-9 correspond
to 5, 10, 20, 30, 40, 50, 100, 200 and 300 mV s~ scan rates, respec-
tively. Insets A variations of I, versus the square root (') of scan
rate. B E,, versus the logarithm current of the scan rate 100 mV s
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Fig. 4 Chronoamperograms recorded in 0.1 M phosphate buffer solution (pH 7.0) and in +0.50 mM of A LD, B DA, and C EP at the surface of

Fe,0;/GCE (a), bare GCE (b), and bare GCE in buffer (c)

linear segment (6.25 x 107220 pwM) and a slope of
3.74 x 107! wA uM~! for the second linear segment (20—
1000 wM); DA, a slope of 6.46 x 10! pA uM~! for the
first linear segment (2.5 x 107'=10 pM) and a slope of
2.23 x 1072 WA uM™! for the second linear segment (10—
1500 wM); and EP, a slope of 7.25 x 107! pA pM~! for
the first linear segment (1.25 x 107'-20 M) and a slope of
3.19 x 1072 wA pM™~! for the second linear segment (20—
1000 wM). The decrease in sensitivity (slope) of the second
linear segment is likely due to kinetic limitation [18]. The
detection limits (30) were 24 4+ 2, 14 £+ 2, and 12 &+ 2 nM
for LD, DA, and EP, respectively. The detection limits and
linear ranges are comparable with values reported by other

@ Springer

research groups for electrocatalytic oxidation of LD, DA,
and EP, at the surface of chemically modified electrodes
using other mediators (Table 1) [24-32].

Repeatability and stability of iron oxide nanoparticles/
GCE

The repeatability and stability are one of the impor-
tant characters of a sensor. CV has been performed to
investigation the long-term stability toward oxidation of
0.50 mM of catecholamines, using electrochemical depo-
sition of Fe,0;/GCE. The storage stability of the Fe,O/
GCE was evaluated for a period of one month. When
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Fig. 5 DPVs of Fe,0;/GCE in 0.1 M phosphate buffer solution (pH
7.0) containing different concentrations of A LD, numbers 1-16 cor-
respond to 0.0625-1000 uM, B DA, numbers 1-14 correspond to

Table 1 Comparison of some electrochemical and chemical procedures
trodes

0.25-1500 wM; C EP, numbers 1-15 correspond to 0.125-1000 uM;
insets plot of the peak currents as a function of catecholamine con-
centration

used to determine the concentration of catecholamines with other elec-

Number Modifier pH Analyte  Charge transfer DL Dynamic range (uM) References
coefficient (o)
1. Reduced graphene oxide/GCE LD - 1.13 uM 2-100 [23]
2. [7,8-Dihydroxy-3,3,6-trimethyl-3,4-dihy- LD 0.50 0.46 uM 1-1000 [24]
drodibenzo [b, d] furan-1(2H)-one]
3. Carbon nanotubes—Nafion/GCE 4 LD 0.53 52 nM 2.5 x 1071-10 [25]
4. Coumarin-derivative-modified CPE 7 LD 0.51 41 nM 1 x 107'-900 [14]
5. Electrochemical deposition of Fe,O; NP/ 7 LD 0.53 24 nM 6.25 x 10721000  This work
GCE
6. Ionic liquid-modified carbon paste 6 DP 0.45 0.7 uM 1.0-800 [26]
electrode
CNT/grapheme oxide nanocomposite 74  DP - 60 nM 0.5-400 [27]
Reduced graphene oxide/GCE DP - 0.5 uM 0.5-60 [28]
) Cgo-CNT/IL/GCE DP - 15 nM 6 x 1072-800 [15]
10. Electrochemical deposition of Fe,O; NP/ DP 0.43 14 nM 2.5 x 10721500 This work
GCE
11. Au/Au-NPs/DMSA electrode EP 0.51 280 nM 0.1-800 [29]
12. Titanium dioxide nanoparticle-modified EP 0.54 0.10 pM 0.5-1000 [30]
carbon paste electrode
13. Poly(Adizol Black B)-modified glassy 5 EP - 7nM 0.1-64 [31]
carbon electrode
14. Electrochemical deposition of Fe,O; NP/ 7 EP 0.50 12 nM 1.25 x 10711000 This work

GCE

CVs were recorded after the Fe,O;/GCE was stored in
atmosphere at room temperature, the peak potential for
LD, DA, and EP oxidation was unchanged. The current
signals showed <3.7, 3.6, 4.3% decrease relative to the
initial response for LD, DA, and EP, respectively, indicat-
ing that the Fe,O;/GCE maintained its catalytic activity

and could be used for an extended period. The ability to
generate a reproducible modified electrode surface was
examined using CV data from five separately prepared
Fe,0,/GCE. The RSD obtained was lower than 3.3%
for various catecholamines, which indicates satisfactory
reproducibility in the preparation of electrodes. These
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results indicate that Fe,O;/GCE has good stability and
reproducibility.

Conclusions

The main object of this study was to develop electrodepos-
ited Fe,O; nanoparticles as an effective platform for the
modification of electrode. To the best of our knowledge,
no study has been published so far reporting the electro-
analytical applications of electrodeposited Fe,O; nanopar-
ticles as sensors for determination of catecholamines. It is
worth noticing that the electrodeposited Fe,O; nanoparti-
cle is ideally suited for implementation in electrochemical
applications. This work puts forward an approach for the
fabrication of a novel nanostructured-modified electrode by
the use of Fe,O; nanoparticle. The Fe,O;-modified elec-
trodes not only significantly improve the oxidation currents
of catecholamines, but also negatively shift their oxidation
potentials. The results show that the determination of cat-
echolamines using electrodeposition method is simpler and
more sensitive of other methods.
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