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Abstract: In this work, an electrochemical sensor (GCE/MWCNT /Fe;04@SiO;) based on a composite
of multiwalled carbon nanotubes (MWCNT) and an Fe304@SiO, (MMN) nanocomposite on a glassy
carbon electrode (GCE) was developed for the detection of tetracycline (TC). The composite formed
promoted an increased electrochemical signal and the stability of the sensor, combining its individual
characteristics such as high electrical conductivity and large surface area. The composite material was
characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Mossbauer
spectroscopy, and scanning electron microscope (SEM). The adsorptive stripping differential pulse
voltammetry (AdSDPV) promoted better performance for the electrochemical sensor and greater
sensitivity for TC detection. Under optimized conditions, the currents increased linearly with TC
concentrations from 4.0 to 36 umo L1 (0.997) and from 40 to 64 pmo L~ (0.994) with detection and
quantification limits of 1.67 wumo L~! and 4.0 umo L™, respectively. The sensor was applied in the
analysis of milk and river water samples, obtaining recovery values ranging from 91-117%.

Keywords: electrochemical sensor; multiwalled carbon nanotubes; nanocomposite of Fe30,@SiO,;
tetracycline; water samples; milk samples

1. Introduction

Tetracyclines (TCs) are a class of broad-spectrum antibiotics with high activity against
various infections caused by Gram-positive and Gram-negative bacteria as well as a variety
of organisms including mycoplasma and chlamydia [1]. Currently, there are more than
twenty TC derivatives available, among which, tetracycline, chlortetracycline, doxycycline,
and oxytetracycline are the most widely used [2] in the treatment of diseases in humans
and veterinary medicine as a food additive to treat and prevent bacterial infections and as
growth promoters [3]. Given the high consumption of these antibiotics, TC residues have
been detected in aquatic environments [4] and in foods of animal origin such as milk [5]
and honey [6], which represents a serious threat to human health, since it contributes to
the development of antimicrobial resistance and the appearance of allergic reactions [7].

Thus, it is of great importance to developing a sensitive, simple, and low-cost method-
ology to detect TC residues in food, biological, and environmental samples. In recent
years, several methodologies have been developed for the determination of TC including
chromatographic methods [8,9], capillary electrophoresis [10,11], fluorescence [12], and
electrochemical detection. Electrochemical sensors have several advantages such as low
cost, simplicity, high sensitivity, high selectivity, and the possibility of on-site analysis,
among others [13].

Wong et al. developed an electrochemical sensor modified with multiwalled carbon
nanotubes and graphene oxide for tetracycline detection. This sensor showed a linear
response for tetracycline from 2.0 x 107> to 3.1 x 10~* mol L~! and a detection limit of
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3.6 x 1077 mol L~! by using adsorptive stripping differential pulse voltammetry (AdS-
DPV) [14].

The possibility of developing large-scale methodologies with low-cost materials such
as carbon-based materials has further boosted research for the development of electro-
chemical sensors and biosensors. Several studies in the literature have shown that sen-
sors modified with multiwalled carbon nanotubes (MWCNT) and a nanocomposite of
Fe30,@S5i0; [15,16] promote increased selectivity, stability, and sensitivity.

The carbon nanotubes have properties such as high surface area, excellent electrical
conductivity, mechanical strength, and high chemical stability [17,18]; in sensors, it can be
used to promote the transfer of electrons between electroactive species and the electrode
surface [19,20].

Magnetic iron-oxide-based nanoparticles, known for their applications in magnetic
separation in the sensory field, have been used due to their catalytic properties [21-23].

Fe304@S5i0; magnetic nanoparticles with high surface area can be integrated into
sensors in a variety of ways, for example, through contact between the metallic magnetic
nanoparticle and electrode surface, or through the transport of a redox-active species to
the electrode surface, or by a thin film on the electrode surface [24]. Synergistic effects
between nanocomposites of Fe;04@SiO; and MWCNTs can improve the capacities of the
electrochemical sensor [25].

In the present work, we report on a glassy carbon electrode (GCE) modified with multi-
walled nanotubes carbon and a nanocomposite of Fe30,@5i0, (GCE/MWCNT/Fe;0,@Si0O,)
for the determination of tetracycline (TC) in raw milk and river water samples.

2. Materials and Methods
2.1. Reagents and Solutions

All chemical reagents used in this work were of analytical purity. The aqueous
solutions were prepared with deionized water by a Millipore Milli-Q system (18.2 M()-cm,
25 °C). MWCNTs were acquired from Nanocyl. HCl was obtained from Dindmica. NaOH,
FeSO4-7H,0, KNO3, KOH, and APTES (3-aminopropyltriethoxysilane) were obtained from
Sigma Aldrich (St. Louis, MO, USA). KCI, CH3COOH, and NaH;PO,-7H;O were obtained
from Synth. Ammonium hydroxide was purchased from Quemis. Tetraethoxysilane (TEOS)

was purchased from Merck. The stock solution of tetracycline 1.0 x 1072 mol L~! was
prepared in 5.0 mL of the HC1 1.0 x 1073 mol L~

2.2. Synthesis of Nanocomposites of Fe304@5i0;

The nanocomposite of Fe30,@5i0, (MMN) was synthesized according to the litera-
ture [26]. The steps of synthesis are illustrated in Figure 1A,B.
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Figure 1. (A) Co-precipitation synthesis process of silica-coated magnetite. (B) Illustrative diagram of the magnetic

core coating.
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2.3. Characterization of the Modifiers

The spectra of materials by FTIR were obtained using a Spectrum GX Perkin Elmer
spectrometer with transmission mode ranging from 400 to 4000 cm~! with the accumu-
lation of 32 spectra and resolution of 2 cm~!; the KBr (1%) pellet technique was used
to characterize the materials. The scanning electron micrographs were obtained by mi-
croscopy using JEOL model JSM 300. X-ray diffractograms were obtained by an X"pert Pro
X-ray diffractometer, with Cu K« radiation. The spectra Mossaubauer were obtained at
298 K with a source of 57 Co/Rh in the range of 10 x 1073 m s~! in 1024 channels in a
SEE Co model W302. A «-Fe was used as a calibration standard.

2.4. Point of Zero Charge of Fe30,4@Si0, Nanocomposite

The point of zero charge was determined through an experiment (in duplicate), in
which the pH of the sorbent solution was changed by five values (2, 4, 6, 8 and, 10), aiming
to find the pH at which the charge in the material surface is equal to zero. A total of 25 mg
of the MMNs were dispersed in an aqueous solution of sodium chloride (NaCl) 0.10 mol
L~! under five different conditions of initial pH, ranging from 2.0 to 10.0. The adjustment
was performed with aqueous hydrochloric acid solutions (0.10 mol L' and 0.05 mol L~!
and NaOH (0.10 mol L1). After 24 h of stirring, the pH value was measured again. The
result was interpreted through the initial pH curve versus the final pH. The point of zero
charge corresponds to the point where the final pH is equivalent to the initial pH.

2.5. Apparatus

The electrochemical measurements were carried out with the use of an Autolab
PGSTAT12 potentiostat/galvanostat coupled to a microcomputer containing the NOVA
1.11 and 1.8 software. All measurements were performed in a configuration of three
electrodes such as the working electrode of a modified glassy carbon electrode (GCE),
Ag/AgCl/KCl 3.0 mol L~! as the reference electrode, and as an auxiliary electrode, a
platinum wire. The operational parameters of each technique were as follows: Adsorptive
differential pulse voltammetry (AdSDPV)—modulation time range: 1 s; modulation time:
10 s; accumulation potential: —0.020 V; accumulation time: 15 s, and accumulation time
range: 1 s. Differential pulse voltammetry (DPV)—amplitude 0.1 V; scan rate 0.030 Vs~!.
Square wave voltammetry (SWV)—amplitude: 0.030 V; frequency: 25 Hz.

2.6. Preparation of GCE/MWCNT/Fe30,@SiO; Modified Electrode

The cleaning of GCE was performed with an alumina suspension, followed by washing
with deionized water. After that, the electrode was electrochemically cleaned by twenty
consecutive cycles in cyclic voltammetry (CV) in 0.5 mol L~ sulfuric acid, varying the
potential from —1.4 to +1.4 V vs. Ag/AgCl at a scan rate of 0.025 V s 1.

In the last step, 5 uL. of MWCNT (2.50 mg mL~') and 5 uL of MMN (2.50 mg mL~')
were dispersed in dimethylformamide (DMF) and deposited on the surface of the GCE.
Then, the electrode was left to dry at 60 °C for approximately 10 min for complete evapora-
tion of the solvent.

2.7. Evaluation of Experimental Parameters

The amount of MWCNTs was changed in the range of 1.0 to 3.0 mg (dispersed in
1.0 mL of DMF). After this stage, the amount of MWCNT was fixed and the amount of
MMN was changed in the range of 0.5 to 2.0 mg (dispersed in 1.0 mL DMF). After the
optimization of the working electrode, the influence of pH in the electrolytic medium was
studied in intervals from 2.0 to 7.0 using the solution of KCI 0.1 mol L~1. After setting
the best pH value, the types of support electrolyte (hydrochloric acid, Britton-Robinson,
phosphate, and acetate) were evaluated. All studies were performed in the presence of TC
22 umo L1,
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2.8. Selectivity of the Proposed Sensor

The selectivity of the GCE/MWCNT/Fe;04@S5iO, sensor was evaluated in the pres-
ence of possible interferents such as doxycycline, amoxicillin, and diclofenac. All solutions
were prepared at a concentration of 1.0 x 1073 mol L.

2.9. Application in Real Samples

The GCE/MWCNT/Fe30,@SiO; sensor was applied in the analysis of river water
and raw milk samples. The river water was collected in the city of Sao Joao del Rei, in
the interior of Minas Gerais State (Brazil). The samples were collected according to the
sampling protocol [27].

The raw milk samples were collected in two different locations: Sao Joao del Rei and
the Elvas District (Minas Gerais, Brazil). To prepare the milk sample, it was necessary to
separate some constituents of milk (fat, protein) that could interfere with TC detection. For
milk pre-treatment, the proposed methodology in the literature was used [28].

Then, the pre-treated samples were enriched with known concentrations of TC. The
recovery rates of the developed method were obtained through the analytical curve.

3. Results and Discussion
3.1. Characterization of the Modifiers

The SEM images obtained for the modifiers are shown in Figure 2. For the MWCNTs,
a tubular structure was observed. In Figure 2B, the Fe304@SiO; has a surface made up of
spherical, agglomerated particles due to the magnetic core (Fe3O4). Finally, the composite
MWCNT/Fe304@SiO; (Figure 2C) shows that these materials were well distributed.

VEGAJ TESCAN  SEM HV: 30.0 kV WD: 15,08 mm VEGA3 TESCAN  SEM HV: 30.0 kV WD: 15.01 mm
SEM MAG: 20.0 kx Det: SE 2pm SEM MAG: 20.0 kx Det: SE 2um

View field: 9.48 ym _Date{midly): 1123/18 | View fleld: 8.48 ym _ Date(midly): 1172318

Figure 2. SEM. (A) MWCNT (B) Fe30,@SiO5, and (C) MWCNT /Fe;0,@SiO,.

Another technique used for characterization was FTIR (Figure 3A). The FTIR spectrum
of MWCNT showed bands of deformation of the bond C-H; methylene group around 2926
and 2869 cm ! [29]. A broad band around 3400 cm ™! may be associated with the stretching
vibration mode of the O-H bond of functional groups that are on the surface of the
MWCNTs. Stretch bands of the C=C bonds around 1640 cm~—!, 1497 cm ™!, and 1440 cm—!,
characteristics of aromatic compounds, were also observed [30]. In the Fe304@SiO, spectra,
the bands at around 570 cm ™! and 449 cm ™! can be assigned to the stretching and angular
deformation of the Fe-O bond in the magnetic core, respectively.
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Figure 3. (A) FTIR spectra of MWCNT; Fe30,@SiO;, and MWCNT/Fe304@SiO;. (B) X-ray diffractograms of MWCNTs;
Fe30,@Si0, and MWCNT /Fe30,@Si0O;.

The bands at 922 and 862 cm ™! are due to the stretching of the bonds (Si-O) [31] and
the bands around 1100 to 1000 cm ™! are related to the bonds (Si-O-Si) [32]. The difference
between the Fe;0,@5i0, (MMNS5) spectra and the MWCNT /Fe;0,@5i0; nanocomposite
spectra was associated with the intensity of the bands.

The X-ray diffractogram (Figure 3B) of the Fe30,@SiO, nanoparticles revealed well-
defined peaks located around 20 = 30.4°, 36.02°; 43.6°; 53.8°; 57.4°; 62.9°, characteristics of
the crystalline planes (220), (311), (101), (422), (511), and (440), respectively, of the cubic
structure of magnetite [33], according to JCPDS number 36-0398 [34].

These planes are associated with a spinel-like cubic structure, which shows the exis-
tence of the crystalline phase of the Fe;O4 [32,35]. On the other hand, the MWCNT XRD
peaks around the graphite structure (002) and the graphite 20 = 26.4° and 44.11° were
attributed to the graphite structure (002) and the MWCNT planes (100), respectively [36].
The diffraction pattern for the MWCNT /Fe30,@SiO, showed a diffraction peak around
20 = 26°, corresponding to the peak of the MWCNT, and the absence of the SiO, peak
in the XRD pattern in the composite was due to its amorphous structure coated on the
Fe304 nanoparticles [37]. The diffraction peak at 26 = 26° is a typical Bragg peak of pristine
MWCNT and can be associated with the reflection of graphite [38].

The Mossbauer spectrum of the magnetite (Figure 4) showed two sextets: one of
them is associated with the contribution of the hyperfine magnetic interaction of the
Fe®* ions at the A sites, and the other with the coupling [Fe>* <+ Fe?*] in the coordination
interstices of the B sites of the inverse spinel structure (AB,Oy4). The correlation of hyperfine
parameters indicates the presence of an oxidized magnetite phase and a small fraction
of hematite. The hyperfine parameters of the isomeric displacement of 0.21 x 1073 and
0.63 x 1073 m s~ ! and of the hyperfine field of 48.25 T and 43.84 T were outside the values
for pure magnetite. This indicates that the material analyzed was oxidized magnetite, that
is, non-stoichiometric magnetite [35]. A non-stoichiometric substance is composed of a
variable structure, but it is similar to the basic structure, in this case, the magnetite can be
written as (Fe>*) A(Fe, 25" 50,, where the B site represents the ions Fe®* and Fe?”*, both in
octahedral coordination. The Fe>>* ion receives this terminology due to the rapid electronic
recombination of the ions when they were above the Verwey transition (T = 120 K) [33,39].
According to the literature, part of the synthesized magnetite may be being oxidized to
maghemite, which according to Cornel would be the intermediate phase of transformation
from magnetite to hematite. The conversion of magnetite in maghemite occurs with the
oxidation of Fe?* to Fe3*, the latter in turn, is more easily ejected out of the structure due to
its smaller ionic radius. Upon contact with oxygen in the air, Fe?* is reduced, giving rise to
F6203 [40].
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Figure 4. Mossbauer spectra of (A) Fe3O4 and (B) Fe;04@SiO,.

The magnetite sub specters were also observed in the Fe30,@SiO; sample, as shown
in Figure 4B. The difference from the previous sample is that the hyperfine parameters
of hematite were not detected. The hyperfine parameters obtained were similar to those
acquired for the sample of pure magnetite. This indicates that the functionalization process
of the magnetite core with the silica coating did not cause considerable changes in the
magnetite structure [35].

The point of zero charge of the Fe;04@SiO; was 6.3 (Figure 5). This value is in
agreement with the data found in the literature, suggesting that below this value, the surface
of the MMNss acquires positive charges and above 6.3, there are predominantly negative
charges [36]. As the electrode was immersed in an electrochemical solution (HCI, pH 3.0),
it can be inferred that the charges present on the GCE/MWCNT/Fe;04@SiO; electrode
surface were mostly positive. There was an affinity between the modified electrode surface
and TC.

pH final
|

T T T T Tes " T T T
6
pH inicial
Figure 5. Determination of the point of zero charge of the Fe30,@SiO,.

3.2. Study of the Configuration of the Working Electrode

Figure 6 shows the study of the working electrode configuration in TC determination.
The electrode modified only with Fe304@5iO, could not adhere to the electrode surface
stably. The electrode modified with MWCNTs showed no TC signal (oxidation or reduction)
and showed a high capacitive current. The GCE/MWCNT /Fe304@ showed an anodic
peak current at +0.52 V and a cathodic peak current at +0.50 V. The proposed electrode
showed better performance in determining TC due to the stability of the sensor, high
electrical conductivity, and the increase in the surface area of the electrode [41]. The use
of the Randles-Sevcik Equation (1), confirms the increase in the electroactive area of the
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proposed electrode in comparison to the base electrode (GCE). The electroactive area was
estimated using a solution of 1.0 x 1073 mol L™! K3[Fe(CN); ] in 0.1 mol L~ KCL.
Ip=269 x 10° AD/2n%2y1/2C 1)

where Ip is the peak current and D is the diffusion coefficient of K3[Fe(CN)g ]
(7.6 x 10~%cm? s 1).
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Figure 6. Cyclic voltammograms obtained using different electrodes: GCE; GCE/Fe304@SiO,,
GCE/MWCNT, and GCE/MWCNT/Fe;0,@SiO, Measurements performed in the presence of
22.0 pmo L1 of tetracycline in 1 X 103 mol L~ HCl at pH 3.0. Scan rate: 25 mV s L.

The electroactive area was 0.089 cm? for GCE and 0.158 cm? for GCE/MWCNT/
Fe304@Si0;. The results indicated that the MWCNT not only stabilized the nanoparticles
of the Fe304@SiO; on the electrode surface, but also that these materials together presented
a greater surface area.

3.3. Electrochemical Behavior of the Sensor

The electrochemical behavior of the proposed sensor was investigated by the cyclic
voltammetry technique in different scan rates. The plot of log Ipa (anodic peak current)
versus log v (scan rate) (Figure 7B) yielded a straight line, with a slope of 0.94. Therefore,
the process is controlled by adsorption, since for processes controlled only by diffusion,
the slope must be 0.5 [42,43].

200 4

100 o

-100

-200

(B)

logl =0.9423 logv- 0.368
R*=0985

0.4 06 0.8 1.0 1.2 0s 10 1.2 14 1.6 12 20 22 24

E/V log v

Figure 7. (A) Cyclic voltammograms of GCE/MWCNT/Fe;04@SiO; at the presence of 22.0 umo L1 of the TC in HCJ, pH
3.0,10.0 to 500 m V s~ 1; (B) log Ipa vs. log v.
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3.4. Optimization of Experimental Parameters for GCE/MWCNT/Fe30,@SiO; Sensor

Figure 8A,B shows the influence of the modifying materials in the surface of GCE.
For the MWNCTs, at a concentration of 2.50 mg mL ™!, there was a significant increase in
the current as smaller amounts of MWNCTs probably did not stabilize the nanocomposite
of Fe304@Si0O;. For the Fe304@Si0;, the best response was obtained using 2.5 mg mL1;
smaller amounts resulted in low electron transfer. The behavior of the proposed sensor
was evaluated at different pH values (Figure 8C). The results obtained showed that at pH
3, there was the highest anodic current intensity, thus, pH 3 was chosen as the optimal
value. The protonation of dimethyl amino group present in the TC is facilitated in an acidic
medium [44,45]. The specific interactions of hydrogen in the reduced quinone form could
explain the difference in TC oxidation for pH values below 4.0. Strong intramolecular
hydrogen interactions can take place due to the high acidity of the environment, result-
ing in greater sensitivity [41]. Figure 8D presents the results of the study of the support
electrolyte influence on the detection of TC. Hydrochloric acid showed a significant in-
crease in analytical signal in relation to the electrolytes evaluated. HCI did not show any
detectable interaction with TC, which could lead to a decrease in analytical signal. Thus,
the electrolytic medium selected was HCl.

1.0 15 20 25 30

4
[MWCNT] / mg mL [Fe,0,@Si0,] /mgmL”

FHOTEHATE sRTTON ROEN BN

Electrolyte support

Figure 8. Optimization of the electrochemical parameters of the sensor. Effects of (A) amount of MWCNT and (B) amount
of Fe30,@Si0,, (C) pH, and (D) composition of electrolyte support. Scan rate 25 mV s~ ! and potential range between 0

and 0.40 V.

3.5. Influence of Electrochemical Technical

Table 1 presents the results of the evaluation of the electrochemical techniques used.
According to the results, AASDPV showed the highest sensitivity in TC detection, and
therefore was used in later studies.
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Table 1. Influence of electrochemical techniques in the determination of TC under optimized condi-
tions (1 x 1073 mol L~! HCl pH 3.0).

Technical Sensitivity/uAmol L1
AdSDPV 0.51

DPV 0.14

SWV 0.0037

3.6. Analytical Curve

Figure 9 illustrates the voltammograms obtained with successive additions of TC
in concentrations between 4.0 and 64 pmo L~!. The voltammograms presented two TC
oxidation peaks, which may be associated with the dimethyl ammonium and phenol
groups present in the TC. The first peak exhibited one linear region and the second peak
presented two linear regions. The second peak was chosen to obtain the analytical curve
(Equations (2) and (3)).

Ipa = 41.71 +0.55 x [TC] r =0.997 @)
Tpa = 50.78 + 0.29 x [TC] r = 0.994 G)
---ahsence TC (a) % (b) ’,_."' ]
prasance TC .‘I,.-"-
Pd .f.
60 4 .
£l {2].‘. .--&"
64 ymol L ~. 50 e .
— - ’ PR .
Pl P il
3 - (1)
404
ﬂl.l‘l nl9 OI 4 06 0 'Ifl ?Iﬂ "!Iﬂ iﬂ "-Ifl ﬂlﬂ 70

[Tetracycling] / pmol L’

Figure 9. (a) Voltammograms for the detection of TC concentrations obtained for 4.0 to 64 pmo Ll (b) Analytical curve
constructed from voltammograms (Figure 9a). Measurements obtained in 1 x 103 mol L~! HCl at pH 3.0.

The detection limit (LOD) and the quantification limit (LOQ) were 1.67 and 4.0 pmo L1,
respectively (obtained from Equation (2)).

Reproducibility between different electrodes (1 = 2) was investigated in the presence
of TC 31.0 umo L. The results obtained showed a low relative standard deviation (RSD),
—0.71%, showing the reproducibility of the method. Table 2 shows the comparison of the
method proposed in this work with sensors described in the literature for TC detection.
The GCE/MWCNT /Fe;0,@SiO; sensor presented a low LOD when compared to other
sensors, showing the advantage of being a simple and reproducible method.
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Table 2. Comparison of the proposed sensor with other methods described in the literature.

Electrode Linear Range (umol L—1) LO]EE%mOI Reference
GR-Pol [a] 3.0-95.0 2.6 [5]
CB-FB/GCE [b] 5.0-120 1.15 [46]
MIOPPy-AuNP/SPCE [c] 1.0-20 0.65 [45]
PtNPs/C/GCE [d] 9.99-44.01 4.28 [41]
GCE/MWCNT/Fe304@5i0O, 4.0-36 1.67 This work

[a] Polyurethane-graphite composite electrode; [b] Glassy carbon electrode modified with potato starch and black
carbon; [c] Printed electrode modified with molecularly printed polypyrrole and gold nanoparticles; [d] Glassy
carbon electrode modified with platinum nanoparticles.

3.7. Selectivity

The selectivity of the GCE/MWCNT/Fe;04@S5iO, sensor was evaluated in the pres-
ence of three different substances. Doxycycline (DC) has a similar structure to TC; di-
clofenac (DF), which consists of electroactive functional groups; and amoxicillin (AM),
which is an antibiotic structurally different from TC. As illustrated in Figure 10, DC pre-
sented a greater analytical response compared to AM and DF; this behavior is due to
the structural similarity with TC. Although the three interferents evaluated presented an
analytical response in the same potential range when interacting with the proposed sensor,
these compounds did not make it impossible to detect TC.

Tetracycline Doxycycline Amoxicilin =~ Diclofenac

Figure 10. Selectivity study of the proposed sensor in the presence of 22 pmo L™! TCin 1 x 1073
mol L~! HCl at pH 3.0.

The modification of the electrode surface with MWCNT and Fe;04@SiO, facilitated
the process of electronic transfer. The modifiers provided increased conductivity and
electroactive area, providing better interaction with TC. The optimization of experimental
parameters such as the amount of modifiers, pH, and electrolyte support also favored the
selective detection of TC. The entire optimization process was carried out to improve the
oxidation conditions of the TC on the surface of the proposed electrode, thus the method
resulted in greater selectivity for the TC.

3.8. Application of the Method

Tables 3 and 4 show the results obtained in the application of the proposed sensor in
the milk and river water samples enriched with TC. The proposed method under optimized
conditions showed high recovery values (between 91 and 117%) and low RSD (between 0.1
and 1.8). Additionally, the developed sensor did not present a matrix effect.
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Table 3. Determination of TC in water samples.

Tetracycline/umol L—1

River Water Sample Recovery (%)
Added Detected *
No. 1 5.2 (6.1+0.8) 117.9
No. 2 9.2 (8.7+£0.4) 94.9

* Average three determinations.

Table 4. Determination of TC in milk samples.

Tetracycline/umol L—1

Milk Sample Recovery (%)
Added Detected *
No. 1 10 (10£0.2) 102.0
20 (20.1 +1.2) 1003
No. 2 10 9.1 £0.1) 91.0
20 (21.8 £ 1.8) 108.8

* Average three determinations.

4. Conclusions

The developed sensor, GCE/MWCNT /Fe;0,@5i0,, showed excellent performance
in TC detection due to the high electrical conductivity and surface area provided by the
modifiers. The modifying materials were properly characterized. The experimental and
operational parameters of the sensor were optimized, providing a simple and reproducible
method with high sensitivity and selectivity. The results obtained in the application of the
sensor in real samples of milk and water showed high recovery rates, which shows that the
proposed method is a viable alternative in TC detection in this type of sample.

Author Contributions: E.F.A. developed and applied the methodology and wrote the manuscript;
D.N.d.S. contributed to the writing of the manuscript; M.C.S. contributed to the methodology and
characterization of the materials; A.C.P. contributed to the development of the entire analytical
method. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to Fapemig, INCT-DATREM, CNPq, Capes for financial
support and Lucas Franco Ferreira, FQMat, and Labsensor.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Gao, J.; Wang, H.; Qu, J.; Wang, H.; Wang, X. Development and optimization of a naphthoic acid-based ionic liquid as a
“non-organic solvent microextraction” for the determination of tetracycline antibiotics in milk and chicken eggs. Food Chem. 2017,
215, 138-148. [CrossRef]

Alawad, A.; Istamboulié, G.; Calas-Blanchard, C.; Noguer, T. A reagentless aptasensor based on intrinsic aptamer redox activity
for the detection of tetracycline in water. Sens. Actuators B Chem. 2019, 288, 141-146. [CrossRef]

Filik, H.; Avan, A.A.; Aydar, S.; Ozyurt, D.; Demirata, B. Determination of Tetracycline on the Surface of a High-Performance
Graphene Modified Screen-Printed Carbon Electrode in Milk and Honey Samples. Curr. Nanosci. 2016, 12, 527-533. [CrossRef]
Pailler, J.-Y.; Krein, A.; Pfister, L.; Hoffmann, L.; Guignard, C. Solid phase extraction coupled to liquid chromatography-
tandem mass spectrometry analysis of sulfonamides, tetracyclines, analgesics and hormones in surface water and wastewater in
Luxembourg. Sci. Total Environ. 2009, 407, 4736—4743. [CrossRef]

Calixto, C.M.E,; Cavalheiro, E.T.G. Determination of Tetracycline in Bovine and Breast Milk Using a Graphite-Polyurethane
Composite Electrode. Anal. Lett. 2017, 50, 2323-2334. [CrossRef]


http://doi.org/10.1016/j.foodchem.2016.07.138
http://doi.org/10.1016/j.snb.2019.02.103
http://doi.org/10.2174/1573413712666151214222808
http://doi.org/10.1016/j.scitotenv.2009.04.042
http://doi.org/10.1080/00032719.2017.1283506

Electrochem 2021, 2 262

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Krepper, G.; Pierini, G.D.; Pistonesi, M.F.; Di Nezio, M.S. “In-situ” antimony film electrode for the determination of tetracyclines
in Argentinean honey samples. Sens. Actuators B Chem. 2017, 241, 560-566. [CrossRef]

Zhou, T; Liu, J.-J.; Xu, Y.; Wu, Z.-Y. Fast and sensitive screening detection of tetracyclines with a paper-based analytical device.
Microchem. J. 2019, 145, 703-707. [CrossRef]

Lian, L.; Lv, J.; Wang, X.; Lou, D. Magnetic solid-phase extraction of tetracyclines using ferrous oxidecoated magnetic silica
microspheres from water samples. J. Chromatogr. A 2018, 1534. [CrossRef] [PubMed]

Moudgil, P; Bedi, ].S.; Aulakh, R.S.; Gill, ].P.S.; Kumar, A. Validation of HPLC Multi-residue Method for Determination of
Fluoroquinolones, Tetracycline, Sulphonamides and Chloramphenicol Residues in Bovine Milk. Food Anal. Methods 2019, 12,
338-346. [CrossRef]

Ibarra, 1.S.; Rodriguez, J.A.; Miranda, ].M.; Veja, M.; Barrado, E. Magnetic solid phase extraction based on phenyl silica
adsorbent for the determination of tetracyclines in milk samples by capillary electrophoresis. J. Chromatogr. A 2011, 1218,
2196-2202. [CrossRef]

Kowalski, P. Capillary electrophoretic method for the simultaneous determination of tetracycline residues in fish samples.
J. Pharm. Biomed. Anal. 2008, 47, 487—-493. [CrossRef] [PubMed]

Traviesa-Alvarez, ].M.; Costa-Fernandez, ] M.; Pereiro, R.; Sanz-Medel, A. Direct screening of tetracyclines in water and bovine
milk using room temperature phosphorescence detection. Anal. Chim. Acta 2007, 589, 51-58. [CrossRef]

Wang, J. Analytical Electrochemistry, 2nd ed.; John Wiley & Sons: New York, NY, USA, 2000.

Wong, A.; Scontri, M.; Materon, E.M.; Lanza, M.R.V.; Sotomayor, M.D.P.T. Development and application of an electrochemical
sensor modified with multi-walled carbon nanotubes and graphene oxide for the sensitive and selective detection of tetracycline.
J. Electroanal. Chem. 2015, 757, 250-257. [CrossRef]

Bianco, A.; Chen, Y.; Frackowiak, E.; Holzinger, M.; Koratkar, N.; Meunier, V.; Mikhailovsky, S.; Strano, M.; Tascon, ].M.D.;
Terrones, M. Carbon science perspective in 2020: Current research and future challenges. Carbon 2020, 161, 373-391. [CrossRef]
Zhou, L.; Pan, S.; Chen, X.; Zhao, Y.; Zou, B.; Jin, M. Kinetics and thermodynamics studies of pentachlorophenol adsorption on
covalently functionalized Fe30,4@SiOp-MWCNTs core-shell magnetic microspheres. Chem. Eng. . 2014, 257, 10-19. [CrossRef]
Rocha-Santos, T.A.P. Sensors and biosensors based on magnetic nanoparticles. Trends Anal. Chem. 2014, 62, 28-36. [CrossRef]
Irandoust, M.; Haghighi, M.; Taherpour, A.A.; Jafarzadeh, M. Electrochemical sensing of trifluralin in water by fluconazole-
immobilized Fe304@SiO, nanomagnetic core-shell linked to carbon nanotube modified glassy carbon electrode; an experimental
and theoretical modeling. |. Iran. Chem. Soc. 2017, 15, 719-732. [CrossRef]

Rios, A.; Zougagh, M. Recent advances in magnetic nanomaterials for improving analytical processes. Trends Anal. Chem. 2016,
84, 72-83. [CrossRef]

Zhou, L; Li, D.-].; Gai, L.; Wang, J.-P; Li, Y.-B. Electrochemical aptasensor for the detection of tetracycline with multi-walled
carbon nanotubes amplification. Sens. Actuators B Chem. 2012, 162, 201-208. [CrossRef]

Kogularasu, S.; Akilarasan, M.; Chen, S.-M.; Elaiyappillai, E.; Johnson, PM.; Chen, T.-W.; Al-Hemaid, EM.A.; Ali, M.A; Elshikh,
M.S. A comparative study on conventionally prepared MnFe,O, nanospheres and template-synthesized novel MnFe,O, nano-
agglomerates as the electrodes for biosensing of mercury contaminations and supercapacitor applications. Electrochim. Acta 2018,
290, 533-543. [CrossRef]

Kogularasu, S.; Govindasamy, M.; Chen, S.-M; Lin, S.-H.; Akilarasan, M.; Mani, V. A novel synthesis of non-aggregated spinel
nickel ferrite nanosheets for developing non-enzymatic reactive oxygen species sensor in biological samples. ]. Electroanal. Chem.
2018, 820, 161-167.

Akilarasan, M.; Kogularasu, S.; Chen, S.-M.; Chen, T.-W.; Lou, B.-S. A novel approach to iron oxide separation from e-waste and
bisphenol A detection in thermal paper receipts using recovered nanocomposites. RSC Adv. 2018, 8, 39870-39878. [CrossRef]
Beveridge, ].S.; Stephens, J.R.; Williams, M.E. The Use Magnetic Nanoparticles in Analytical Chemistry. Annu. Rev. Anal. Chem.
2011, 4, 251-273. [CrossRef] [PubMed]

Afkhami, A.; Shirzadmehr, A.; Madrakian, T.; Bagheri, H. Improvement in the performance of a Pb?* selective potentiometric
sensor using modified core/shell SiO, /Fe304 nano-structure. J. Mol. Lig. 2014, 199, 108-114. [CrossRef]

Silva, M.C.; Torres, J.A.; Nogueira, EG.E.; Tavares, T.S.; Corréa, A.D.; Oliveira, L.; Ramalho, T.C. Immobilization of soybean
peroxidase on silica-coated magnetic particles: A magnetically recoverable biocatalyst for pollutants removal. RSC Adv. 2016, 6,
83856-83863. [CrossRef]

Agéncia Nacional de Aguas. Guia Nacional de Coleta e Preservagio de Amostras: Agua, Sedimento, Comunidades Aqudticas e Efluentes
Liquidos/Companhia Ambiental do Estado de Sio Paulo; Organizadores, Carlos Jesus Jesus Brandao: Sao Paulo, Brazil; CETESB:
Brasilia, Brazil; ANA: Brasilia, Brazil, 2011.

Yao, C.-Y.; Yang, J.-Y.;; Xu, Z.-L.; Wang, H.; Lei, H.-T.; Sun, Y.-M,; Tian, Y.-X,; Shen, Y.-D. Indirect Competitive Enzyme-Linked
Immunosorbent Assay for Detection of Tylosin in Milk and Water Samples. Chin. J. Anal. Chem. 2018, 46, 1275-1281. [CrossRef]
Baby, T.T.; Ramaprabhu, S. SiO, coated Fe304 magnetic nanoparticle dispersed multiwalled carbon nanotubes based amperomet-
ric glucose biosensor. Talanta 2010, 80, 2016-2022. [CrossRef]

Zhao, Z.; Yang, Z.; Hu, Y.; Li, J.; Fan, X. Multiple functionalization of multi-walled carbon nanotubes with carboxyl and amino
groups. Appl. Surf. Sci. 2013, 276, 476-481. [CrossRef]

Yamaura, M.; Camilo, R.; Sampaio, L.; Macédo, M.; Nakamura, M.; Toma, H. Preparation and characterization of (3-
aminopropyl)triethoxysilane-coated magnetite nanoparticles. . Magn. Magn. Mater. 2004, 279, 210-217. [CrossRef]


http://doi.org/10.1016/j.snb.2016.10.125
http://doi.org/10.1016/j.microc.2018.10.022
http://doi.org/10.1016/j.chroma.2017.12.041
http://www.ncbi.nlm.nih.gov/pubmed/29279136
http://doi.org/10.1007/s12161-018-1365-0
http://doi.org/10.1016/j.chroma.2011.02.046
http://doi.org/10.1016/j.jpba.2008.01.036
http://www.ncbi.nlm.nih.gov/pubmed/18325708
http://doi.org/10.1016/j.aca.2007.02.063
http://doi.org/10.1016/j.jelechem.2015.10.001
http://doi.org/10.1016/j.carbon.2020.01.055
http://doi.org/10.1016/j.cej.2014.07.060
http://doi.org/10.1016/j.trac.2014.06.016
http://doi.org/10.1007/s13738-017-1271-1
http://doi.org/10.1016/j.trac.2016.03.001
http://doi.org/10.1016/j.snb.2011.12.067
http://doi.org/10.1016/j.electacta.2018.09.028
http://doi.org/10.1039/C8RA08017H
http://doi.org/10.1146/annurev-anchem-061010-114041
http://www.ncbi.nlm.nih.gov/pubmed/21417723
http://doi.org/10.1016/j.molliq.2014.08.027
http://doi.org/10.1039/C6RA17167B
http://doi.org/10.1016/S1872-2040(18)61106-5
http://doi.org/10.1016/j.talanta.2009.11.010
http://doi.org/10.1016/j.apsusc.2013.03.119
http://doi.org/10.1016/j.jmmm.2004.01.094

Electrochem 2021, 2 263

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

Bini, R.A.; Marques, R.E.C.; Santos, E]J.; Chaker, J.A ; Jafelicci, M. Synthesis and functionalization of magnetite nanoparticles with
different amino-functional alkoxysilanes. J. Magn. Magn. Mater. 2012, 324, 534-539. [CrossRef]

Hui, C.; Shen, C,; Tian, J.; Bao, L.; Ding, H.; Li, C.; Tian, Y.; Shi, X.; Gao, H.-J. Core-shell Fe30,@SiO; nanoparticles synthesized
with well-dispersed hydrophilic Fe3O4 seeds. Nanoscale 2011, 3, 701-705. [CrossRef]

Silva, ED.; Goulart, A.T.; Couceiro, PR.C.; Fabris, ].D. Mecanismos quimicos e mineraldgicos de transformacao da magnesioferrita
de solo derivado de tufito, da regiao do Alto Paranaiba, MG. Quim. Nova 2009, 32, 1850-1855. [CrossRef]

Cornell, RM.; Schwertmann, U. The Iron Oxides: Structure, Properties, Reactions, Occurrences and Uses, 2nd ed.; Germania:
Heppenheim, Germany, 2003.

Fan, X.; Li, X. Preparation and magnetic property of multiwalled carbon nanotubes decorated by FezO4 nanoparticles.
New Carbon Mater. 2012, 27, 111-116. [CrossRef]

Hu, Y; Li, ].; Zhang, Z.; Zhang, H.; Luo, L.; Yao, S. Imprinted sol-gel electrochemical sensor for the determination of benzylpeni-
cillin based on Fe304@SiO, /multi-walled carbon nanotubes-chitosans nanocomposite film modified carbon electrode. Anal.
Chim. Acta 2011, 698, 61-68. [CrossRef]

Duan, H.; Wang, X.; Wang, Y.; Li, J.; Luo, C. Bioreceptor multi-walled carbon nanotubes@Fe;04@SiO,-surface molecular imprinted
polymer in an ultrasensitive chemiluminescent biosensor for bovine hemoglobin. RSC Adv. 2015, 5, 88492-88499. [CrossRef]
Shriver, D.E,; Atkins, PW. Quimica Inorgdnica, 3rd ed.; Bookman: Porto Alegre, Brazil, 1999.

Sidhu, PS.; Gilkes, R.]J.; Posner, A.M. Mechanism of the low temperature oxidation of synthetic magnetites. J. Inorg. Nucl. Chem.
1977, 39, 1953-1958. [CrossRef]

Kushikawa, R.T.; Silva, M.R.; Angelo, A.C.D.; Teixeira, M.E.S. Construction of an electrochemical sensing platform based on
platinum nanoparticles supported on carbon for tetracycline determination. Sens. Actuators B Chem. 2016, 228, 207-213. [CrossRef]
Skerjanc, J.; Kogej, K.; Cerar, ]. Equilibrium and Transport Properties of Alkylpyridinium Bromides. Langmuir 1999, 15,
5023-5028. [CrossRef]

Reddy, Y.V.M,; Sravani, B.; Agarwal, S.; Guptha, V.K.; Madhavi, G. Electrochemical sensor for detection of uric acid in the presence
of ascorbic acid and dopamine using the poly(DPA)/SiO, @Fe304 modified carbon paste electrode. J. Electroanal. Chem. 2018,
820, 168-175. [CrossRef]

Dang, X.; Hu, C.; Wei, Y.; Chen, W.; Hu, S. Sensitivity Improvement of the Oxidation of Tetracycline at Acetylene Black Electrode
in the Presence of Sodium Dodecyl Sulfate. Electroanalysis 2004, 16, 1949-1955. [CrossRef]

Devkota, L.; Nguyen, L.T.; Vu, T.T.; Piro, B. Electrochemical determination of tetracycline using AuNP-coated molecularly
imprinted overoxidized polypyrrole sensing interface. Electrochim. Acta 2018, 270, 535-542. [CrossRef]

Delgado, K.P.; Raymundo-Pereira, P.A.; Campos, A.M.; Oliveira, O.N.; Janegitz, B.C. Ultralow Cost Electrochemical Sen-
sor made of Potato Starch and Carbon Black Nanoballs to Detect Tetracycline in Waters and Milk. Electroanalysis 2018, 30,
2153-2159. [CrossRef]


http://doi.org/10.1016/j.jmmm.2011.08.035
http://doi.org/10.1039/C0NR00497A
http://doi.org/10.1590/S0100-40422009000700031
http://doi.org/10.1016/S1872-5805(12)60007-9
http://doi.org/10.1016/j.aca.2011.04.054
http://doi.org/10.1039/C5RA15520G
http://doi.org/10.1016/0022-1902(77)80523-X
http://doi.org/10.1016/j.snb.2016.01.009
http://doi.org/10.1021/la981710+
http://doi.org/10.1016/j.jelechem.2018.04.059
http://doi.org/10.1002/elan.200403049
http://doi.org/10.1016/j.electacta.2018.03.104
http://doi.org/10.1002/elan.201800294

	Introduction 
	Materials and Methods 
	Reagents and Solutions 
	Synthesis of Nanocomposites of Fe3O4@SiO2 
	Characterization of the Modifiers 
	Point of Zero Charge of Fe3O4@SiO2 Nanocomposite 
	Apparatus 
	Preparation of GCE/MWCNT/Fe3O4@SiO2 Modified Electrode 
	Evaluation of Experimental Parameters 
	Selectivity of the Proposed Sensor 
	Application in Real Samples 

	Results and Discussion 
	Characterization of the Modifiers 
	Study of the Configuration of the Working Electrode 
	Electrochemical Behavior of the Sensor 
	Optimization of Experimental Parameters for GCE/MWCNT/Fe3O4@SiO2 Sensor 
	Influence of Electrochemical Technical 
	Analytical Curve 
	Selectivity 
	Application of the Method 

	Conclusions 
	References

