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Abstract: A simple electrochemical sensor based on electrochemically synthesized Fe304 nanoparti-
cles was constructed by an ink with the nanoparticles, isopropanol, NAFION and carbon Vulcan to
detect dopamine, uric acid and ascorbic acid. The electrocatalytic activity of the nanoparticles for
the oxidation of the analyte molecules was examined by means of cyclic voltammetry and square
wave voltammetry. The parameters controlling the performance of the sensor were optimized, such
as the amount of Fe304 nanoparticles (1, 2, 3, 5, 8, 10 mg), amount of binder (5, 10, 15 pL) and carbon
Vulcan in the ink (4, 6, 8 mg). The temperature was maintained at 25 °C and the pH was 7.5 with
buffer phosphate. The optimal sensor conditions were 8 mg magnetite, 4 mg carbon Vulcan and
5 uL of NAFION@ 117. The calibration curves for the three analytes were determined separately,
obtaining linear ranges of 10-100, 20-160 and 1050-2300 uM and limits of detection of 4.5, 14 and
95 uM for dopamine, uric acid and ascorbic acid, respectively. This electrochemical sensor has also
shown significant sensitivity and selectivity without interference from the three analyte molecules
presented simultaneously in solution. This sensor was applied for the detection of these molecules in
real samples.

Keywords: magnetite; real samples; dopamine; uric acid; ascorbic acid; modified sensor

1. Introduction

Dopamine (DA), ascorbic acid (AA) and uric acid (UA) coexist in biological fluids such
as blood and urine [1]. Abnormal concentrations of DA may result in brain disorders such
as schizophrenia and Parkinson’s disease. In addition, ascorbic acid (AA) plays an impor-
tant role in the metabolic processes of the human body. A lack or excess of it may engender
infertility and scurvy. Uric acid (UA) is a compound excreted by the kidneys in urine. Its
excess or deficiency leads to Lesch-Nyhan syndrome and hyperuricemia. Maintaining
normal levels of these biomolecules is a necessity for metabolic systems and overall human
health. Several methods have been developed for the detection of these molecules, in-
cluding liquid chromatography [2], chemiluminescence [3] and gas chromatography-mass
spectrometry [4]. However, these analytical techniques have some limitations, including
being time-consuming, having low sensitivity and generally requiring expensive equip-
ment. Electrochemical sensors open a new alternative method with simple operation, fast
response, low cost and excellent sensitivity and selectivity of detection. Nevertheless, the
determination of these species is difficult due to the high electrochemical activity and the
proximity of their redox potentials. In addition, DA and AA exist in metabolism as cations
and anions, respectively, which strongly enhances their interaction [5]. In addition, the
oxidation of DA can result in catalyzing the oxidation of AA [6]. It has been reported that
detection using bare electrodes shows overlapping voltammetric results [7]. One solution
is the use of modified electrodes, which allows the separation of the signals corresponding
to each analyte. In the literature, a number of different metal alloys have been used, for
example, noble metal alloys such as Pd /Pt and Pt/ Au [8,9]; although their performance
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has been very good, their high price point and low natural abundance limit their appli-
cation. Carbon-based materials such as multiwalled carbon nanotubes (MWCNTs) [10],
graphene oxide (GO) [11], doped graphene [12] and carbon nanotubes functionalized with
noble/nonnoble metals, metal oxides and conducting polymers [13-15] have also attracted
much attention from researchers due to their excellent physical and chemical properties.
Magnetic nanoparticles, particularly iron oxide nanoparticles, are promising materials for
sensor applications due to their inherent biocompatibility, magnetic properties and large
surface area, and due to the fact that they are environmentally friendly, easy to prepare
and can be obtained with narrow size distribution. The electrochemical method used
in this work allows one to obtain Fe3O4 nanoparticles with these properties and does
not require post-synthesis purification other than centrifugation and washing with water.
Some biomolecules have been detected using iron nanoparticles [16], magnetite nanopar-
ticles [17] and hybrid ferrite oxide nanoparticles [18], and the results have shown good
detection. It has also been reported that these kinds of particles could be functionalized
with a wide range of functional groups [19-22] and have favorably interacted with different
biomolecules of some active groups such as -OH, -COOH and -NHj, [23]. The increased
catalytic activity of magnetite-containing sensors may be due to the use of nanomaterials,
which involve a high contact surface with the analyte, but it is mainly due to the presence
in the structure of Fe?* and Fe®* ions, which favors the exchange of electrons and thus
increases the response in the oxidation process of the analyte.

Most of these sensors are constructed using graphene either as single layers of carbon
atoms or linked in a hexagonal lattice. Graphene has been considered an essential material
in the manufacturing of electrochemical sensors due to its electronic properties. Although
its properties in multi-material composites, such as magnetic nanoparticles, have been
widely studied, the fabrication and reproducibility of graphene is not easy, so it adds
an additional parameter to the sensor development that is not simple to control. Many
authors justify the use of mixtures of magnetic nanoparticles with graphene due to the fact
that pure magnetite nanoparticles are chemically unstable and easily oxidize. Thus, an
incorporation of magnetite onto the graphene sheets will give rise to new and enhanced
functionalities that show favorable magnetic properties, increased electrocatalytic activity
and electron transfer ability, as well as prevent heavy aggregation. In this work, a sensor
was developed based on electrochemically synthesized magnetite nanoparticles, which
were mixed with carbon black Vulcan to increase their conductivity, and NAFION@ 117
was used as a binder. A quantity of 20 pL of the formed ink was deposited on a vitreous
carbon electrode. To optimize the electrode, we varied the quantities of the components
in the ink, i.e., nanoparticles, the binder and the amount of carbon black Vulcan. The
concentrations at which the best voltammetric response was obtained for the three analytes
studied were chosen. The results show that the sensitivity of the obtained sensor is better
in many cases than the previous ones. More importantly, the electrode is modified only by
one step, which can make the preparation time of the electrode very short and reduce the
error of the multiple modifications. Compared to other methods, the proposed method of
electrode modification produces sensors with good stability and reproducibility and, most
important of all, it is a cheaper and easier method to perform the sensor.

2. Materials and Methods
2.1. Reagents

All chemicals used in this study were of analytical grade and used without further
purification. The reagents isopropyl alcohol, sodium chloride (0.04 M), dibasic sodium
phosphate dihydrate (0.1 M), potassium phosphate monobasic (0.1 M), NAFION@ 117
solution, dopamine (0.5 mM), uric acid (0.5 mM) and ascorbic acid (2 mM) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Other reagents used were sodium hydroxide
(Panreac, Barcelona, Spain, 98%) and carbon black Vulcan. The solutions were prepared
using deionized water.
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2.2. Electrochemical Synthesis of Magnetite Nanoparticles (MNs)

Iron oxide nanoparticles (magnetite, Fe30O4) were synthetized at 25 °C using a flow
cell with parallel arrangement according to the procedure developed by Lozano et al. [19].
Eight low-carbon steel sheets (100 mm x 45 mm) of 1 mm thickness and 99.8% pure iron
were used as electrodes. The polished plates were immersed in 0.04 mol L~! NaCl. A
peristaltic pump operating at a flow rate of 30 mL min~! was used, and the total cell
volume was 460 mL. A current of 700 mA was supplied by a PeakTech model 6080 A power
source. The nanoparticles were collected via the magnetic precipitation method using a
neodymium magnet placed at the bottom of the cell. The supernatant was discarded. The
nanoparticles were washed several times with distilled water, collected with a magnet and
then centrifuged at 9000 rpm for 15 min at room temperature. Drying was carried out in a
vacuum system for a period of 24 h. The nanoparticles were stored in a nitrogen atmosphere.

2.3. Electrochemical Measurements

Measurements involving cyclic and square wave voltammetry techniques were recorded
on an Autolab PGSTAT302N potentiostat/galvanostat (Metrohm AG, Herisau, Switzer-
land), controlled by Nova 11.1 software. Parameters such as potentials, frequency and
sweep rates were varied to obtain the different voltammograms. A conventional three-
electrode system was adopted using glassy carbon and a 10 mL glass cell.

A glassy carbon electrode (GCE) (¥ = 2.7 mm) was used as the substrate for the
deposition of the different inks of the working electrode (WE), an Ag/AgCl/KCl(sat.)
electrode was used as the reference electrode and a platinum helical electrode was used as
the auxiliary electrode.

2.4. Preparation and Modification of the Electrocatalytic Surface

Nanoparticle inks of different compositions were added directly by means of drop
coating to the vitreous carbon surface. The electrode was polished with 0.3 and 0.05 pm
alumina powder for 10 min and carefully washed ultrasonically in absolute ethanol and
water for 10 min each. The electrode was then rinsed with deionized water and dried.
To prepare the ink, we used 1 mL of isopropyl alcohol:water (4:1) and 1 mg of magnetite
nanoparticles, 4 mg of carbon and 15 uL of NAFION@ 117. Subsequently, we fixed the
same amount of magnetite and NAFION@ 117 and varied the amount of carbon Vulcan,
increasing to 6 and 8 mg. In other experiments, we kept the concentration of magnetite at
1 mg and carbon Vulcan at 4 mg and varied the amount of NAFION@ 117 (5, 10, 15 uL).
Finally, we fixed the amount of NAFION at 5 pL and carbon Vulcan at 4 mg and varied
the amount of magnetite (1, 2, 3, 5, 8, 10 mg). The mixture was solubilized for 10 min
in an ultrasonic bath. Subsequently, the working electrode was prepared with 20 uL of
the homogenized suspension dropped on the polished GCE and then dried overnight.
The ratios of the sensor components that provided the best sensitivity were used for the
detection of the three analytes.

2.5. Analytical Response

A phosphate-buffered solution (PBS) (0.10 mol L~!, pH 7.5) was used as a support
electrolyte to evaluate the performance of different electrocatalytic surfaces. Additionally,
pHs between 6 and 9 were studied. Sensor performance was tested by applying cyclic and
square wave voltammetry in the presence and absence of DA, AA and UA at different
concentrations in PBS. The procedure was performed in triplicate under continuous stirring.
The measurements were carried out with each analyte individually or by adding the three
analytes simultaneously.

The sensor performance in samples containing the analytes was evaluated by the
following parameters: specificity/selectivity, linearity, sensitivity and detection limit
(LOD). For this evaluation, the following equations were used: LOD = 3 SD/slope,
linearity = 10 SD/slope and sensitivity = slope/S, where SD (n = 3) and S are the elec-
trode surface.
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Real samples of urine, orange juice and dopamine were used to determine the reliabil-

ity of the constructed sensor.

3. Results and Discussion

The electrochemically synthesized magnetite was characterized using different tech-
niques. Figure 1A shows a transmission electron microscopy (TEM) micrograph where the
nanoparticle size and spherical shape can be observed. By analyzing 200 nanoparticles
using the program Image], the histogram in Figure 1B shows that the size average was

29 + 12 nm.
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Figure 1. (A) TEM image of magnetite nanoparticles synthesized electrochemically and (B) histogram
analysis of particle size distribution.

Figure 2 shows the X-ray diffractogram; all diffraction peaks match the standard
JCPDS no. 01-089-5892 which corresponds to magnetite. No additional peaks are observed

in the diffractogram.
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Figure 2. XRD diffractogram of electrosynthesized magnetite nanoparticles. The observed (red) and

calculated (blue) patterns are shown.

Figure 3 shows the room temperature Mossbauer spectrum for the electrosynthe-
sized Fe3O4 sample. This spectrum is interpreted as the contribution of two sextets
with a hyperfine magnetic field of H = 48.5 T (isomer shift, IS = 0.33 mm~!) and H =
44.6 T (IS = 0.52 mm™!), corresponding to Fe>* located in the tetrahedral position (A) and
Fe3* /Fe%* located in the octahedral position (B) of the spinel structure of (AB,Oy4), respec-
tively [20,21]. The hyperfine magnetic fields are slightly lower than those corresponding to
the same material in a macroscopic size [22]. This spectrum corroborates the nanometric
character of the particles and the absence of impurities in the sample.
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Figure 3. Mossbauer spectrum for magnetite nanoparticles at room temperature. Fe is in the
tetrahedral (red line) position and octahedral (blue line) position.

For the production of a sensor, it is necessary to analyze the best conditions with respect
to the materials of which the sensor is composed. We first selected DA as the analyte and
recorded the voltammetric curves in the presence and absence of DA while varying the
different components of the catalytic ink. Figure 4 shows the voltammetric curves under
different conditions. Both GC electrodes with and without magnetic nanoparticles (MNs) in
0.1 M PBS showed a negligible electrochemical signal. When 0.5 mM DA was added to PBS,
peaks corresponding to the oxidation and reduction of DA appeared at 0.35 V (oxidation
of DA) and 0.25 V (reduction of DA) vs. Ag/AgCl/KCl(sat.). The current of the electrode
containing the MNs is almost 5 times higher than that without magnetite nanoparticles.

T

02 00 02 04 06 08
E (V vs. Ag/AgCl)

Figure 4. Cyclic voltammogram at GC electrode in 0.1 M PBS (black), GCE/magnetite in 0.1 M PBS
(green), GCE in 0.1 M PBS containing 0.5 mM DA (red) and GCE/magnetite in 0.1 M PBS containing
0.5 mM DA (blue); scan rate 50 mV s~ 1.

Figure 5A—C shows the current obtained for a solution of 0.1 M PBS and 0.5 mM DA,
varying the amount of MNs, carbon and NAFION@ 117 in the ink. Initially, the experiment
started with 1 mg of magnetite nanoparticles, 4 mg of carbon and 15 pL of NAFION@
117. Subsequently, the amount of each of these was varied, fixing the amount to the best
response found, as was explained in the experimental section. An increase in the amount
of nanoparticles while keeping the other components constant produces an increase in the
detection signal up to a value of approximately 8 mg of MNs, whereas an increase up to
10 mg does not produce a significant improvement in the signal, and so this amount of
MNs was chosen (Figure 5A). In the case of the amount of Vulcan, as shown in Figure 5B,
no great variation in detection is observed with its increase, so the least amount of carbon
black Vulcan was used in order to reduce the cost of the sensor. Finally, Figure 5C shows
the variation in the signal with the increase in the amount of NAFION@ 117, which is
a nonconductive compound. An increase in NAFION@ 117 in the ink produces a clear
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decrease in the signal. The working conditions chosen for the preparation of the inks were
8 mg of magnetite nanoparticles, 4 mg of carbon black Vulcan and 5 puL of NAFION@ 117.
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Figure 5. Effect of the amperometric response with (A) amount of the magnetite, (B) amount of
carbon Vulcan and (C) volume of NAFION@ 117 in the ink.

The influence of scan rates on the electrocatalytic response of the GCE/magnetite
towards the analyte oxidation was studied.

Figure 6A—C displays the voltammetric curves and the inset plots of the current versus
v1/2. DA and UA were found to be diffusion-controlled processes and exhibited good
linearity in both cases up to a 200 mV s~ ! sweep rate. For AA, this linearity is reduced up
to a scan rate of 100 mV s~ 1. The electron transfer coefficient for the anodic processes, xa,
can be obtained by the plot of the redox peak potential versus the logarithm of the sweep
rate. This calculation has been performed for the dopamine analyte. Figure 7 shows the
almost linear behavior of the anodic peak potential (Ep,) until 200 mV s~ 1 in the case of
DA. If we use Laviron’s theory, the slope of this plot is equal to 2.3 RT/(x,)nF, where n is
the number of electrons transferred, in our case two, T is the temperature and R and F are
the conventional values of these constants. The calculated value of «, is approximately 0.4.
This value should be 0.5 for a fully reversible process; this difference in value may be due to
the process being quasi-reversible. This is also confirmed by the fact that an increase in the
sweep rate produces an increase in the peak current as well as an increase in the potential
separation of the anodic and cathodic peaks, (Figure 6). If the value of «x, is substituted
in Laviron’s equation (Equation (1)), the value of the electron transfer rate coefficient is
2.2 s71. This value is higher than some reported values [23,24], with a more complicated
structure and higher cost. In the case of UA and AA analytes, the process is much more
irreversible, and it is not possible to calculate the kinetic parameters through the equations
mentioned above.

a(1 —a)nFAEp
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g g(1—a)+ (1-a)log 8( ) T3RT 1)
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510 15 20 25 TS 30 35 vz et
—-0.44 ‘ ‘ ‘ v(r‘nVs‘)“Z 04 ‘ ‘ "y mv 54)1‘2‘ 015 ‘ ‘ ‘ v (mv s‘ )
0.0 0.2 04 0.6 0.8 0.0 0.2 04 0.6 0.8 -0.2 0.0 0.2 04
E (V vs. Ag/AgCI) E (V vs. Ag/AgCl) E (V vs. Ag/AgCl)

Figure 6. (A) CV curves of PBS 0.1 M with 0.50 mM DA, (B) CV curves of PBS 0.1 M with 0.50 mM
UA and (C) CV curves of PBS 0.1 M with 2.00 mM AA at various rates from 10 to 500 mV s~ (inset:
plot of peak current vs. square root of scan rates).
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Figure 7. Ep, versus the logarithm of scan rate.

Another important parameter to take into account is the pH of the solution. To
study this effect, the pH of the solution was adjusted from 6 to 9; lower pHs favor partial
dissolution of magnetite in the medium [25]. Figure 8 shows that there is not a great
variation in the detection signal with pH, but it can be observed that the current gradually
decreases with increasing or decreasing pH; similar results have been obtained using Fe304
and nitrogen self-doped sunflower plate-derived carbon as an electrochemical sensor [26].
The best pH seems to be approximately 7.5 for uric and ascorbic acid and 7 for DA. Both
pH values are optimal for measuring these analytes under physiological conditions. In
addition, the oxidation peak potential in all cases decreases to more negative values with
an increasing pH. The dependencies of Ep, versus pH were found to be linear in the range
of pH 6 to 8.0. The slope of the straight line is approximately 57 mV for the three analytes,
which indicates the requirement of two electrons or two protons in the oxidation process
following Nernstian behavior [27,28].

0.201 —— DA

0.15+

—~~

<
£0.104

0.05 -

0.00 4

60 65 70 75 80 85 9.0
pH

Figure 8. Effect of pH on the peak current at the same concentration of DA, UA and AA as in Figure 6.
Scan rate: 50 mV s~ 1.

Figure 9A-C shows the SVW response of the sensor for different analyte concentrations
and the inset plots of peak current versus analyte concentration. From these straight lines,
the LOD, sensitivity and linear range of this sensor for the three analytes are calculated and
represented in Table 1.
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Figure 9. Square wave voltammetry curves of (A) DA from 25 to 3000 puL, corresponding to
10-100 uM, (B) UA from 100 to 4000 pL, corresponding to 20-160 pM and (C) AA from 50 to 5500 uL,
corresponding to 1050-2300 uM in a 0.1 M PBS (inset: plot of the Ip vs. the concentration of analyte).

Table 1. Parameters characteristic of the GCE/magnetite sensor for the three analytes.

Properties DA UA AA
Epa (mV) 175 290 —30
Lineal range (uM) 10-100 20-160 1050-2300
LOD (M) 4.5 14 95
Sensitivity (LA uM~1) 0.26 0.003 0.0098

The values obtained with this sensor compared with those obtained with other sensors
(Table 2) show that the sensor studied has good performance for the determination of
uric acid and ascorbic acid, with lower detection limits for dopamine, although even in
the latter case it is possible to determine dopamine in real samples within the required
sensitivity range.

Table 2. Comparison of results using different electrodes.

Modification of GCE Analyte Lineal Range (uM) LOD (uM)
A il Dopamine 5.0-200.0 1.0
M“ ;‘a“"parﬁc ets 9] Uric acid 20.0-400.0 5.0
002 NANOSHEEts Ascorbic acid 20.0-300.0 3.0
Dopamine 0.001-300 0.001
Carbon materials doped with nitrogen (MNC) [30] Uric acid 0.01-100 0.01
Ascorbic acid 1-700 0.01
o .y Uric acid 10-300 0.28
Titanium nitride [31] Ascorbic acid 50-1500 152
Fe30y4 Dopamine 0.1-150 0.053
Graphene oxide [32] Uric acid 1.00-100 0.41
Fe3O4
Ag nanoparticles Dopamine 0.015-100 3.98 x 1073
Graphene oxide reduced [33]
Fe;04@Au Dopamine 0.5-50 0.1
Phenylethynylferrocene thiolate Uric acid 1-90 0.2
Graphene/chitosan [34] Ascorbic acid 6-350 1
NiFGQO4 .
Carbon nanotubes [35] Dopamine 0.05-100 0.02
Fe;04 Dopamine 0.5-100 0.12
Graphene oxide reduced [24] Ascorbic acid (1-9) x 103 0.42
Nanocomposite SiO,@Fe3Oy . . .
Poli-DPA [36] Uric acid 1.2-1.8 0.4
Dopamine 5-450 0.48
Fe;04 Uric acid 15-1200 1.48

Nitrogen carbon [26] Ascorbic acid 3-150 1.0
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To evaluate the reproducibility of the GCE/magnetite sensor, a continuous measure-
ment for a solution of 0.5 mM DA was carried out with the electrode, and a 30% loss of
effectiveness was observed after 15 uses. On the other hand, a sensor was also used to
measure the same concentration of DA at three different times and stored in two environ-
ments, either in air or in buffer. The results showed that the sensor left in buffer maintained
its sensitivity and effectiveness after 24 h post-manufacture, while the sensor left in air
suffered a 35% drop in effectiveness. This may be due to partial oxidation of the magnetite
nanoparticles exposed to air for 24 h. Additionally, the loss in stability of fabricated sensors
is attributed to the structure and robustness of them. Although it is a simple and inexpen-
sive sensor, the non-coating of the nanoparticles can lead to its agglomeration and lower
adhesion to the substrate after a high number of cycles of use [37,38].

To analyze the reliability of the sensor, it was applied to determine UA in urine, AA in
orange juice and DA in an unknown test sample. Urine from three different individuals
was used. Then, 150 uL of urine was diluted in 0.1 M PB electrolyte at pH 7.5, and the
corresponding voltammogram was recorded via SWV. The results showed normal levels
of UA between 1.4 and 4.4 mM in urine for a healthy human. An AA study was also
performed on a sample of natural orange juice. Similarly, three dilutions were prepared
by diluting 3.9 mL of the orange juice in 0.1 M PBS at pH 7.5 to a final volume of 5.0 mL.
The results in the three cases were identical, indicating a concentration of ascorbic acid
of 1.6 mM or 37 mg/100 mL, which agreed with that reported by the manufacturer. DA
determination was performed in an unknown test sample by means of the sensor. The
concentration of DA was 54 uM and the concentration of the test sample was 50 uM. A
summary of these results is shown in Table 3.

Table 3. Determination of the three analytes by measuring each sample three times.

Samples 1 2 3
Urine/mM 14 4.0 44
Orange juice/mM 1.6 1.6 1.6
Dopamine/uM 55 53 54

Finally, we evaluated the ability of the sensor to detect the three analytes simulta-
neously in the solution. Figure 10 shows the square wave voltammetry performed in a
solution containing 50 uM DA, 75 uM UA and 2.25 mM AA. As seen, it is possible to
quantitatively determine the three analytes, the potentials being sufficiently separated so
that there is no interference between them, with potential values of 0.0, 0.195 and 0.32 V vs.
Ag/AgCl/KCl(sat.) for AA, DA and UA, respectively.

30

20+

AA DA A

-0.2 0.0 0.2 04 0.6
E (V vs. Ag/AgCl)
Figure 10. SWV of GCE/magnetite electrode in PBS 0.1 M containing AA 2.25 mM, DA 50 uM and

UA 75 uM.
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4. Conclusions

The electrochemical sensor developed in this work with a very simple methodology
showed good detection of dopamine, uric acid and ascorbic acid. The sensor composed of
8 mg of magnetite nanoparticles, 4 mg of carbon black Vulcan and 5 uL of NAFION@ 117 in
a 1:4 solution of water:isopropanol provided the best results. The analytical properties of the
electrochemical sensor were determined for each analyte by means of cyclic voltammetry
and square wave voltammetry. The linear ranges of DA, UA and AA detection were 10-100,
20-160 and 1050-2300 uM, and the detection limits were 4.5, 14 and 95 uM, respectively.
These values are comparable with other more complicated electrochemical sensors or
biosensors. The sensor has shown good stability and reproducibility. In terms of stability, it
is possible to use the same sensor at least 15 times with a 30% loss in sensitivity in the last
use. Reproducibility is excellent for sensors kept in the buffer for more than one day, shown
by repeating the measurement three times a day. However, if the sensor is kept in air, it
suffers a loss of sensitivity of at least 35% of the initial sensitivity value. It is possible to use
the sensor in the simultaneous determination of all three analytes in simulated solutions as
well as in real samples.
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