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Abstract

A new electrochemical sensor, based on NdFeO; nanopatrticles as electrocatalytic material, was proposed here for the detection of
dopamine (DA). NdFeOs nanoparticles were first synthesized by a simple thermal treatment method and subsequent annealing at
high temperature (700 °C). The prepared electrocatalytic material has been characterized in detail by SEM-EDX, XRD, and Raman
techniques. Characterization results display its sheet-like morphology, constituted by a porous network of very small orthorhombic
NdFeO; nanoparticles. NdFeOj; electrocatalytic material was then used to modify the working electrode of screen-printed carbon
electrodes (SPCEs). Electrochemical tests demonstrated that NdFeO;— modified screen-printed carbon electrode (NdFeO3/SPCE)
exhibited a remarkable enhancement of the dopamine electrooxidation, compared to the bare SPCE one. The analytical performance
of the developed sensor has been evaluated for the detection of this analyte by means of the square-wave voltammetry (SWV)
technique. The modified electrode showed two linear concentration ranges, from 0.5 to 100 uM and 150 to 400 uM, respectively, a
limit of detection (LOD) of 0.27 uM (at S/N = 3), and good reproducibility, stability, and selectivity. Additionally, we also report an
attempt made to propose the modified sensor for the simultaneous detection of dopamine and uric acid (UA). The procedure was
also applied for the determination of dopamine in spiked real samples. So, this paper reports for the first time the use of a modified
NdFeOs; screen-printed electrode for developing an electrochemical sensor for the quantification of important biomolecules.
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Introduction or unnatural, as with drug addiction. Knowing neurotransmit-

ter levels can help to correct and/or prevent problems from

Dopamine (DA) is a neurotransmitter, i.c., a complex chemi-
cal messenger that coordinates communication between neu-
rons, which in turn affect every cell, tissue, and system in the
body and that is associated with feelings of pleasure and sat-
isfaction [1]. It is also associated with addiction, movement,
motivation, and natural behaviors, such as with eating and sex,
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occurring in the future. An imbalance in DA levels in the body
will have complications [2—4]. For example, dramatically el-
evated levels, the so-called dopamine storm, can be associated
with delusions, agitation, mania, and frank psychosis. Low
DA levels can drive us to use drugs (self medicate), alcohol,
smoke cigarettes, gamble, and/or overeat.

In the past years, different analytical methods for the detec-
tion of DA were used, such as chromatography [5],
electrochemiluminescence [6], and fluorometry [7]. Expensive
and intricate instruments and time consuming are major weak-
nesses of the mentioned methods; then, introducing an inexpen-
sive and easy method for DA determination on small-size de-
vices is very valuable. Among these latter, electrochemical tech-
niques have unique features and can give, in addition to speci-
fications mentioned, fast response with high accuracy and sen-
sitivity [8]. Recently in order to increase the sensitivity and
selectivity of electrochemical sensors, researchers are using
novel electrocatalytic materials at the nanometer scale such as
metal, metal chalcogenide, metal oxide, or their composites as

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-019-01975-z&domain=pdf
http://orcid.org/0000-0001-8999-060X
https://doi.org/10.1007/s00216-019-01975-z
mailto:gneri@unime.it

7682

Z. Anajafi et al.

electrode modifiers [9-11]. These nanostructures are today
widely investigated to replace enzymes as electroactive tags
and catalytic centers, providing large surface area, high conduc-
tivity, and electrocatalytic activity, which results in the develop-
ment of more robust and low-cost devices with higher thermal
and chemical stability [12].

In recent years, perovskite materials possessing an ABO;
structure have been considered for their catalytic and electro-
catalytic properties [13—15]. NdFeO; is an important com-
pound of this class of materials, with applications in gas sens-
ing and spin memory devices [16-20]. We guess that the re-
dox couple Fe'' /Fe' could be an important factor in favoring
electrocatalytic properties; nevertheless, pure NdFeO; has not
been so far reported for electrochemical DA sensing applica-
tion. To our knowledge, only one paper described the use of
NdFeO; for determination of metoclopramide. However, the
sensing layer is a composite with NdFeO5 nanoperovskite and
2-chloro-1,3-dimethyl-imidazolinium hexafluorophosphate
ionic liquid crystal in the presence of sodium dodecyl sulfate
[21]. In this research, a new method for synthesis NdFeOs
nanocrystals, i. e., the thermal treatment method, was used.
This preparation method offers the advantages of simplicity,
low cost, and low reaction temperatures; in addition, it is
environment-friendly as it produces no by-product effluents
with a periodic time of 48 h (from preparation until calcina-
tion) [22, 23]. NdFeO; nanoparticles produced after annealing
at high temperature (700 °C) were used to modify screen-
printed carbon electrode (SPCE) in order to detect dopamine.
Here, we used a commercial SPCE electrochemical platform,
which is more suitable to develop sensors for practical and in
field use, than the conventional glassy carbon electrode-based
platform.

The electrochemical and analytical performances of the
developed modified NdFeOj; electrode have been largely in-
vestigated. Notwithstanding the growing role of rare earth
perovskite in various sectors of electrochemistry and in the
fabrication of electrochemical sensors, this is the first report
on the development of a modified NdFeOj; screen-printed
electrode for electroanalytical applications. Results of this
study demonstrated its good sensitivity, reproducibility, stabil-
ity, and selectivity for detection of dopamine. Further, the
modified electrode exhibited negligible interference from uric
acid (UA), so in addition, here, we report the attempt done for
the simultaneous detection of dopamine and uric acid.

Experimental
Synthesis of NdFeO;
NdFeOj3 nanoparticles have been synthesized by a thermal

treatment method. Metal nitrates were used as precursors,
polyvinyl pyrrolidone (PVP) was used as the capping agent,
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and deionized water was used as the solvent. Iron nitrate,
Fe(NO3); x 9H,0, and neodymium nitrate, Nd(NO3);3 x
6H,0, were purchased from Acros Organics with purities ex-
ceeding 99%. An aqueous solution of PVP was prepared by
dissolving the polymer in 100 ml of deionized water at 90 °C;
then, 0.1 mmol of iron nitrate and 0.1 mmol of neodymium
nitrate (Fe:Nd=1:1) were placed in the polymer solution,
which was stirred for 2 h using a magnetic stirrer. At the end
of the 2-h period, the solution was poured into a glass Petri
dish and heated in an oven at 100 °C for 24 h to evaporate the
water. The solid product formed was crushed, ground in a
mortar to form a soft powder, and, finally, annecaled at
700 °C (in air for 3 h) to decompose organic compounds.

Characterization

The morphology of NdFeO3 sample was investigated using a
Zeiss 1540XB FE SEM (Zeiss, Germany) instrument operat-
ing at 10 kV. The crystalline structure of synthesized materials
was investigated using X-ray powder diffraction (XRD) by
means of a Bruker D8 Advance A 25 X-ray diffractometer
operating at 40 kV and in the range 20-80° (2-theta), with
an increasing rate of 0.01°/s. The average crystallite size, d,
has been calculated using the Scherrer’s formula:

0.9
" BcosOy

where A= 1.5418 A is the X-ray wavelength, 6 is the maxi-
mum of the Bragg diffraction peak (in radians), and B is the
full width at half maximum (FWHM) of the XRD peak.

Raman spectra were carried out, in air at room temperature,
using a Horiba XploRA spectrometer. Spectra were excited
using the 532-nm line from a solid-state laser and integrated
for 10 s, using a x 50 long working distance microscope
objective.

Fabrication of the NdFeO;-modified screen-printed
electrode

For the preparation of the modified sensor, 10 mg of NdFeO;
nanoparticles was dispersed in 1 mL of double-distilled water
and then sonicated until a homogenous suspension was ob-
tained. The commercial screen-printed carbon electrodes
(SPCEs), purchased from DropSens, Llanera (Asturias),
Spain, consist of a planar substrate equipped with a 4-mm-
diameter (0.125 cm?) carbon working electrode, a carbon
counter electrode, and a silver pseudo-reference electrode.
The SPCE electrode was modified using a wet impregnation
method, dropping 5 pL of the above prepared suspension on
the working electrode surface. Finally, the modified NdFeOs/
SPCE sensor was dried at room temperature and stored in
ambient conditions until use.
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Electrochemical tests

Electrochemical experiments were performed with a
DropSens pStat 400 potentiostat/galvanostat. The electro-
chemical behavior of the prepared sensor was investigated
by cyclic voltammetry (CV) in 0.1 M phosphate buffered
saline (PBS) solution at pH 7, in the presence and absence
of dopamine (DA), in the —0.2 to 0.5-V potential region,
and at a scan rate between 10 and 70 mV s~'. Amperometric
measurements, recording the current at a fixed optimal poten-
tial during successive additions of DA, and square-wave volt-
ammetry (SWV) were also carried out to assess the viability of
these techniques for performing the quantitative determination
of dopamine. The same tests were also carried out with uric
acid as analyte and with DA+ UA mixtures for exploiting the
simultaneous determination of both analytes.

The statistical analysis and curve fitting were performed
using Origin software (Northampton, MA, USA).
Reproducibility of the data was confirmed by repeating the
experiments at least three times. Analyses of the same concen-
tration in a single run and in three separate runs three times were
achieved to examine the intra-day and inter-day precisions, re-
spectively. The limit of detection (LOD) was obtained from S/
N=3 and confirmed by the formula: LOD = 3S/q where S}, is
the standard deviation of the blank solution and ¢ is the slope of
the calibration plot [24, 25].

Results and discussion
NdFeO; synthesis and characterization

NdFeOj; nanoparticles were synthesized by the thermal treat-
ment method. The chosen method is simpler, cheaper, and can
operate at lower reaction temperatures compared to more con-
ventional synthesis methods [21, 26]. The morphological and
microstructural characteristics of synthesized NdFeO; after
annealing at 700 °C are reported below. Figure 1 shows
SEM images of the NdFeO; sample taken at different
magnifications.

On a large scale, the sample appears constituted by very
small nanoparticles having a spherical-like shape and a narrow
size distribution, assembled to form wide sheets. At a higher
magnification, we can clearly observe the fine grains of the
sample and its highly porous structure. These findings also
demonstrate that the synthesized NdFeO; display high stabil-
ity against thermal grain growth and coalescence.

The microstructure of the prepared electrocatalytic material
has been investigated in detail by XRD and micro-Raman
techniques. The XRD pattern of the NdFeO; sample is shown
in Fig. 2a. The pattern shows the reflection planes (101),
(111), (121), (220), (022), (042), (242), and (430), which con-
firm the presence of a single-phase NdFeO; with a pure

WD = 10.0 mm
FIB Imaging = SEM

EHT = 10.00 kV
Signal A= InLens

.00 kV

Crossbeam 540-47-20 ——1 Imaging = SEM  Signal A= InLens

Fig. 1 SEM images at different magnification of NdFeO; sample
annealed at 700 °C

orthorhombic phase (JCPDs reference code: 00025-1149).
The average crystallite size, computed by using the
Scherrer’s formula, was found to be 28 nm, in fair agreement
with SEM data and suggesting that particles obtained are
nanocrystals.

The micro-Raman spectrum (see Fig. 2b) bands during
100-200 cm ™' can be attributed to the stretching modes of
the Nd—O bond. Peaks between 200 and 400 cm ' are related
to bending and stretching modes of FeO6 octahedral, whereas
the band centered at 465 cm ™' is due to the bending mode of
the O—Fe—O bond, which confirm the perovskite structure of
the synthesized material.

Electrochemical tests on NdFeO;/SPCE

First, the electrochemical behavior (see Fig. 3) of the bare
SPCE (curve a) and NdFeO5; modified SPCE electrode (curve
b) in PBS (pH 7.0) and in the absence of dopamine is com-
pared. In the investigated potential range, no peak was noted
on both electrodes. However, on the modified electrode, the
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cycle shows a large hysteresis, which is likely related to the
elevated surface area of the highly porous working electrode.

Figure 3 shows also CV cycles obtained in the presence of
dopamine (50 uM DA in pH 7.0 PBS) at the bare SPCE (curve
¢) and NdFeO3/SPCE electrode (curve d). The modified elec-
trode shows a negative shift of oxidation peak potential, from
0.14 to 0.06 V with respect to the bare electrode. In addition,
the anodic peak corresponding to DA oxidation exhibits an
improved peak current. CV results demonstrate clearly that
NdFeO; nanoparticles behave as a good electrocatalyst for
dopamine electrooxidation. Further, as it is well known that
the catalytic activity is influenced by the surface roughness of
the electrode catalytic surface [27], we can suppose that the
nanoscale surface features introduced by NdFeO; provide to
increase the effective surface areca of modified NdFeO;
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Fig. 2 a XRD pattern and b micro-Raman spectrum of NdFeO; sample
annealed at 700 °C
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working electrode and consequently the electrocatalytic activ-
ity. It can be also hypothesized that NdFeO; nanoparticles can
act as essential center sites for the electrostatic interaction of
dopamine with the working electrode. This factor favors the
diffusion of DA to the electrode and promote the electron
transfer pathway between DA and electrode due to a specific
adsorption orientation of DA molecules [28].

The effect of scan rate (v) on the redox peak currents of
50 uM DA at the NdFeO3/SPCE were recorded at different
scan rates in the range of 0.01-0.07 V s ! (Fig. 4a, b). The
redox peak current linear relationship with the scan rate indi-
cates that the electrochemical reaction surface is controlled by
the adsorption phenomenon. The linear regression equations
were deduced as ip,=74.8 v (V s H+0.57, R*=0.996 and
ie=—66.1 v (Vs )+0.45, R*=0.998, where R” is the
determination coefficient.

Quantification of dopamine with NdFeO5/SPCE

To evaluate the efficiency of the developed electrode toward
detection of dopamine in aqueous solutions, the influence of
the concentration of dopamine at the NdFeO; NPs modified
sensor in 0.1 M of phosphate buffer solution, using the square-
wave voltammetry technique, is reported in Fig. 5.
Specifically, Fig. 5a shows that SWV responses of DA and
anodic peak current increased over a wide concentration range
from 0.5 to 400 uM. The calibration curve for DA, construct-
ed by plotting the current (1LA) vs. concentrations of DA
(uM), is shown in Fig. 5b. Linear regression analysis was
performed to calculate the slope and intercept using the cali-
bration curve data. The proposed sensor exhibited linear re-
sponses to DA in the ranges of 0.5-100 and 150400 uM,
respectively. The linear regression equations for the two
ranges of concentration are:

6 d

Current (uA)

0.2 ' 0,0 ' 0.2
Potential (V)

Fig. 3 CVin 0.1 M PBS and absence of DA on a bare SPCE and b
NdFeO;/SPCE. CV in 0.1 M PBS containing 50 pM DA on ¢ bare
SPCE and d NdFeOs/SPCE
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Fig. 4 a CVs of NdFeOs/SPCE recorded at different scan rates, in the
range 10-70 mV/s, in 0.1 M PBS containing 50 uM DA; b Peak current
vs. scan rate in the range of 0.01-0.07 Vs~

Ip(nA) = 1.98 + 28.95% (mM), R* = 0.981, 0.5-100 (M)
Ip(1A) = 4.57 4 7.33%c (mM) R? = 0.974 150-400 (uM)

The limit of detection (LOD) was obtained from S/N=3
and is as low as 270 nM, which is of the same order of mag-
nitude of that obtained for previous DA sensors based on
perovskites reported in the literature so far [13, 14, 29-31].
The LOD obtained here lies within the limit of physio-
logical levels of dopamine (107> to 10> mM) in the
human body [31].

In Table 1, the overall performances (electrochemical
method used for the dopamine detection, linear range, and
LOD) of the proposed NdFeO3; NP modified sensor are com-
pared with previous perovskite-based DA sensors.

To evaluate the reproducibility of the NdFeO; NPs modi-
fied sensor for the quantification detection of DA, according

a s-

Current (UA)
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Fig. 5 a SWVs for 0.5-400 uM DA concentrations at NdFeOs/SPCE in
0.1 M PBS. b Calibration curve at different DA concentrations (0.5—
400 uM)

to SWV procedure above reported, a solution of 50 uM of this
analyte has been examined, collecting the current for a total of
5 times. A relative standard deviation (RSD) of less than 3.4%
has been determined. To assess the stability of NdFeO; NPs
modified sensor, the CV current response was collected, cy-
cling the sensor 20 times in the presence of 50 uM dopamine
in PBS solution (see Fig. S1 in the Electronic Supplementary

Table 1 Comparison of modified NdFeOs-sensor with previous DA
sensors based on nanoperovskites

Nanoperovskite Method Linear range (uM) LOD (nM) Reference

StPdO; DPV  7-70; 90-160 93 [29]
LaCoO; cv 0-100 - [30]
LaFeO; cv 0.02-1.6 59 [14]
LaFeO; DPV-CV 0.15-800 30 [13]
LaFeO; DPV 10-100; 120-180 10 [31]
NdFeOs SWV  0.5-100; 150-400 270 This work
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Material (ESM)). After 25 successive runs, the peak currents
showed only a slight decrease (less than 5.3%). The results
obtained demonstrate that this electrode is little subjected to
surface fouling by the products of DA oxidation.

Simultaneous determination of dopamine and uric
acid

Uric acid is the primary end product of purine metabolism. It
is present in physiological fluids such as blood and causes
several diseases such as hyperuricemia when present at abnor-
mal levels [32]. Preliminary, SWV tests (not shown) have
been performed for ascertaining the possibility for the
NdFeO; NP modified sensor to detect UA. A clear anodic
peak appeared in both electrochemical methods at around
230 mV in the presence of this analyte in 0.1 M of phosphate
buffer solution. It is interesting to note that, so far, no report is
present in the literature describing the detection of uric acid by
this perovskite nanostructure. The influence of the concentra-
tion of UA shows that the anodic peak current increased lin-
early in the concentration range from 50 to 400 uM. The
following linear regression equation has been obtained:

Ip(LA) = 1.62 + 2.95%c (mM), R> = 0.994, 50-300 (uM)

Since UA coexist with DA in blood, it is important to
determine simultaneously these two analytes [33]. Here, the
neodymium iron oxide modified sensor was applied for that
by using square-wave voltammetry in phosphate buffer solu-
tion at pH 7. Figure 6a shows the SWV recorded starting from
a mixture containing 50 pM of UA and increasing the con-
centration of DA from 0 to 50 uM. Meanwhile, a similar
experiment was conducted with UA in the presence of DA.
In Fig. 6b, the SWV recorded starting from a mixture contain-
ing 50 uM of both DA and UA and increasing the concentra-
tion of UA from 50 to 750 uM is represented.

As clearly seen, the difference in the oxidation peak poten-
tials for DA and UA is large enough for separation and simul-
taneous determination of DA and UA in a mixture. In fact, the
peak separation of oxidation for both DA and UA was esti-
mated to be ~0.15 V.

Figure 6 a and b also demonstrate that the oxidation cur-
rents of UA show small changes when DA concentration in-
creases and vice-versa, indicating that the addition of one of
these analytes does not affect the determination of the other.
To confirm this statement, SWV measurements for DA previ-
ously obtained with the same sensor and in the same
experimental conditions in the absence of UA are com-
pared in Fig. 6¢ with the SWV measurements for DA in
the presence of UA. All experiments were performed in
triplicate. The data are fitted by the same straight line,
confirming further that the addition of UA does not affect
the determination of DA.
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Fig.6 SWYV response of NdFeO5/SPEC in presence of both DA and UA. a
50 uM UA and increased concentration of DA (1-50 uM) in PBS solution.
b 50 uM DA and increased concentration of UA (50-750 uM) in PBS
solution. ¢ Comparison between calibration curves at different DA
concentrations (1-50 uM) without UA and in the presence of UA
(50 uM). Error bars are standard errors from triplicate measurements
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Epinephrine (EP), another neurotransmitter of the family of
cathecolamines, has been also tested for evaluating the possi-
bility of selectively detect DA and EP [34, 35]. However, in
this case, we noted a superposition of peak related to the
oxidation process involving both analytes at similar potential,
so precluding this dual determination.

Selectivity of neodymium-based electrode and real
sample analysis

In order to study the applicability of the developed sensor in
real media, the selectivity of the sensor was evaluated by an
amperometric method at a fixed potential of 0.1 V. In fact,
some other biological molecules such as glucose, uric acid
(UA), and folic acid (AF) coexist with dopamine in physio-
logical samples and can potentially interfere with the electro-
chemical dopamine measurement. Figure 7 shows the detec-
tion by amperometric method of DA in the presence of the
above biological molecules and electrolytes (K*, Na*).

It has been evidenced that there is no significant change in
the current response for 0.2 mM DA in the presence of
0.1 mM of K*, Na*, glucose, uric acid, and folic acid, dem-
onstrating that the fabricated electrode is selective toward the
determination of DA in the presence of other potential
interferents at physiological concentrations or more.

At last, we performed the analysis of dopamine in a urine
sample by using the standard addition method. As electrode
fouling and/or other unwanted effects can occur when
performing tests with pure real samples, urine sample was
diluted ten times, then a known quantity of dopamine was
added. The recovery of the spiked samples ranged between
97.7 and 102.7%, indicating that the detection of dopamine by
this procedure is free from interferences present in the urine
sample matrix. The relative standard deviation (n = 3) is below

104 @ DA
8_
c
o
= 44
=)
© a- 0.1mM KCI
21 b- 0.1 mMNaCl
c- 0.1mM Glucose
d- 0.1 mM UA
07 } 0.2 mMDA e- 0.1 mMFolic acid
T T T T T - . . .
200 300 400 500 600

Time (s)

Fig. 7 Amperometric response of DA loaded NdFeO;/SPCE and
successive addition of a KCI, b NaCl, ¢ glucose, d uric acid, and e and
folic acid; 100 uM for each in 0.1 M PBS solution

3.7%, which can be considered compatible with a practical
use of the sensor for real samples analysis.

Conclusion

We have presented here a very simple electrochemical sensor,
consisting of a commercial three electrode planar platform
modified by depositing NdFeO3; NPS on the working elec-
trode. The fabrication of the sensor ensures reliable and fast
production. From the electroanalytical results, NdFeO; mod-
ified electrode shows better performances with respect to the
bare electrode and to other perovskite-based sensors reported
in the literature. The NdFeO5; modified sensor shows also
significant effectiveness toward the simultaneous determina-
tion of DA and UA. In summary, we demonstrated the utility
of the proposed NdFeO; perovskite material as a modifier for
fabricating enzyme-free electrochemical sensors, which could
have significant advantages looking at their electroanalytical
applications for monitoring biochemical substances.
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