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AgNP-Decorated SBA-15 for MWCNT Paste Modified
Electrode: a Sensor for Simultaneous Voltammetric
Determination of Paracetamol and Sulfamethoxazole
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Abstract: A new electrochemical sensor based on a
carbon nanotube paste electrode modified with a Santa
Barbara Amorphous material (SBA-15) decorated with
silver nanoparticles, namely CNT/SBA/Ag-PE, was devel-
oped. It was successfully applied for individual and
simultaneous determination of both paracetamol (PC)
and sulfamethoxazole (SMZ) medicines. The electrode
exhibited a linear dynamic range of 0.12-110 pmol L™! for
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1 Introduction

Sulfamethoxazole  (4-Amino-N-(5-methyl-3-isoxazolyl)
benzenesulfonamide, SMZ), a sulfonamide antibiotic
representative, is one of the most frequently administered
antimicrobial agents, especially in association with trime-
thoprim (TMP), for the treatment of several human
infections [1]. Regarding its pharmacokinetic properties,
SMZ undergoes acetylation by N-acetyltransferase en-
zyme in the liver and approximately 20% of a dose is
eliminated unchanged in urine [2,3]. Drug-induced liver
injury is a potential complication of many drugs and
SMZ/TMP therapies have been associated with hepatic
failure [4]. On the other hand, in the course of an
infection, fever is a common outcome of immune response
and paracetamol (N-acetyl-p-aminophenol, acetamino-
phen, PC) is an effective analgesic and antipyretic agent
[5]- Although not harmful at therapeutic doses, PC is
commonly taken in overdose, being also a common cause
of acute liver injury [4,6]. Therefore, as both SMZ and
PC are associated with liver toxicity, it is of considerable
importance to detect and determine these drugs, even at
trace level, in biological systems. Chromatographic, spec-
troscopic and electrochemical methods can be used for
the quantification of drug compounds for analytical
purposes. The latter presents some advantages such as
low-cost instrumentation, possibility of miniaturization
and fast response, which allow in-field applications [7].
Structured forms of carbon have attracted increasing
attention in electrochemical sensing devices due to their
excellent conductivity, biocompatibility and mechanical
resistance [7,8] and they have been applied in the
determination of PC or SMZ medicines in different

www.electroanalysis.wiley-vch.de

carbon nanotube paste electrode -

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

paracetamol and 0.06-70 umolL™" for sulfamethoxazole,
and detection limits of 38 and 19 nmolL "', respectively.
The proposed sensor offered high sensitivity, fast re-
sponse time and the potential for detecting both drugs
simultaneously. The CNT/SBA/Ag-PE enabled the simul-
taneous determination of PC and SMZ in urine samples
with high recovery rates.

medicines determination - ionic

systems. Carbon modified electrodes with ionic liquid [9],
chitosan [10], clays [11], metal nanoparticles [12,13],
valine [14], and carboxyl group [15] were reported. Also
screen-printed carbon electrodes have been employed
[16-18]. In a recent work, even unmodified multi-walled
carbon electrode was used for these purposes [19].
However, as far as we know, there are no reports on
simultaneous determination of PC and SMZ.

Ordered mesoporous silica-based materials were dis-
covered in the 1990s. The most investigated one, SBA-15
[20], has a highly ordered hexagonal pore structure, with
cylindrical mesopores and a narrow distribution of pore
diameter and due to its excellent properties (high surface
area, high pore volume, high hydrothermal stability) it is
widely used in different areas such as catalysis, adsorption
and separation processes, [21-22]. More recently, the use
of SBA-15 in sensor devices is drawing more attention,
since it presents interconnected nanopores on its meso-
pore wall allowing fast diffusion and low resistance to
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electron transfer [23-25]. The high surface area of SBA-
15 is also appropriate for the immobilization of functional
species including ionic silsesquioxanes, reportedly known
as metal nanoparticles stabilizing and adhesion agents
[26,27]. The metal nanoparticles enhance the analytical
performance of the electrodes, improving electron trans-
fer, sensitivity and signal/noise ratio [28,29].

In this work, SBA-15 was decorated with silver nano-
particles stabilized by ionic silsesquioxane in order to
develop a novel electrochemical sensor based on modified
carbon nanotube paste electrode. The sensor was success-
fully applied in the selective and simultaneous determi-
nation of PC and SMZ.

2 Experimental
2.1 Reagents

All chemicals were analytical grade and used without
previous purification. The silsesquioxane containing the
ionic 1,4-diazoniabicyclo-[2.2.2]octane group was synthe-
sized according to recently described procedure [30].
Multi-walled carbon nanotubes (MWCNT, Nanocyl NC
7000), glucose (Vetec) and ascorbic acid (AA, Quimex).
Sulfamethoxazole (SMZ), paracetamol (PC), uric acid
(UA), dopamine (DA) and trimethoprim (TMP) were
acquired from Sigma-Aldrich.

2.2 Material Synthesis (SBA/AgNP)

Firstly, the silver nanoparticles (AgNP) were synthesized
according to a slightly modified reported procedure [31]:
100 mg of ionic silsesquioxane was dissolved in 10.0 mL of
distilled water, followed by successive additions of 1.0 mL
of AgNO; (0.05molL™") and 5mL of NaBH,
(0.02molL™"). The so-obtained colloidal dispersion of
silver nanoparticles underwent a two-fold dilution with
water and was designated as AgNP. Subsequently, the
SBA-15 support was synthesized based in previous reports
[20,21]. The SBA-15 (100 mg) was suspended in 10 mL of
AgNP and the system was mechanically stirred for 72 h in
closed flask at 20°C. The composite material obtained
(assigned as SBA/AgNP) was subjected to water washing,
centrifugation, and drying under vacuum for 4 h at 50°C.

2.3 Material Characterization

X-ray diffraction was performed in a Siemens diffractom-
eter D500, with CuKa as source (0.154056 nm). The field
emission scanning electron microscopy (FESEM) images
of SBA/AgNP were obtained in a Zeiss Auriga micro-
scope. The UV-Visible spectrum of AgNP was registered
with an UV-160 1P Shimadzu and the diffuse reflectance
UV-Visible spectrum of SBA/AgNP material was re-
corded in an Agilent CARY 5000 spectrophotometer
applying Kubelka-Munk approach [31]. N, adsorption-
desorption isotherms were recorded using Tristar 1T 3020
Kr Micromeritics instrument. The materials were vacuum-
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treated for 15h at 110°C. The BET (Brunauer, Emmett
and Teller) and BJH (Barret, Joyner and Halenda)
methods were applied to estimate the specific surface area
and pore size distribution [32].

2.4 Electrochemical Measurements

The SBA-15 and SBA/AgNP materials were used to
modify a carbon nanotube paste electrode by mixing 6 mg
of each material, 6 mg of MWCNT and 50 pL. of mineral
oil. This was the optimal proportion for the preparation
of stable and easiy-to-handle electrodes, hereafter as-
signed as CNT/SBA-PE and CNT/SBA/Ag-PE, respec-
tively. A part of the paste was placed in a cavity having
2 mm of diameter, in contact with a platinum disk glued
to a glass tube. The copper wire fused to another side of
the disk served as an external electric contact. Unmodi-
fied CNT-PE electrode, prepared in the same way, was
also used for the sake of comparison analyses. Cyclic
voltammetry (CV) and differential pulse voltammetry
(DPV) measurements were carried out with an IviumStat
potentiostat/galvanostat with the use of a conventional
three-electrode cell. A silver chloride electrode (3 molL™
KCl) and platinum wire were used as the reference and
auxiliary electrodes, respectively. All electrochemical
experiments were performed at room temperature (20°C)
in 0.04 mol L' Britton-Robinson buffer (BRbs, pH=5.7),
in the presence of NaNO; (0.5molL™") as supporting
electrolyte.

2.5 Optimization of Conditions for Determining PC and
SMZ

The effects of differential voltammetric pulse amplitude
and time, step potential and scan rate have been
investigated within a wide range. The well-shaped peak
with both the highest peak current and the best signal to
background ratio was found at the following values:
amplitude of 50 mV, time of 50 ms, step potential of 1 mV
and scan rate of 10 mVs™'. DPVs using different concen-
trations of NaNOj; supporting electrolyte were employed
to determine 0.5 molL™" NaNOj; as the optimal concen-
tration (Figure S1). The pretreatment potentials were
studied in the range from —1.8 to 0.4V with fixed
pretreatment time of 20 s, 40 s and 100 s (BRbs at pH 5.7)
containing PC (46 umol L™) and SMZ (25 pmolL™).

2.6 The Urine Samples

In the preparation of the artificial urine, a procedure
described by Sgobbi [16] was used. The precise weights of
NaCl (0.292¢g), KCl (0.16g), CaCl, 2H,0 (0.112¢g),
Na,SO, (0.224 g), KH,PO, (0.14 g), NH,Cl (0.1 g) and
urea (2.5 g) were dissolved in a small portion of distilled
water, transferred to a 100 mL volumetric flask and the
volume was completed with a BRbs of pH 7. The human
urine of a healthy person was used without purification
and additional dilution. The PC and SMZ amounts were
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added to prepare model solutions of both kinds of urine.
The obtained systems were used in the recovery tests.

3 Results and Discussion
3.1 Material Characterization

The XRD analysis for small angles (0.2°-5.0°) is presented
in Figure 1. Typical diffraction patterns of hexagonal
ordered pore structure are clearly seen, evidencing the
peaks assigned to 100, 110 and 200 planes (Inset Figure 1)
[20]. The peak at 0.86° is due to the (100) distance,
estimated as 10.3 nm. The other two peaks are attributed
to the reflections of (110) and (200) planes, associated with
the ordered hexagonal pore structure. As SBA/AgNP
material presents the same diffraction peaks of SBA-15, it
is possible to state that the ordered pore structure was
preserved even after the addition of the silver nano-
particles. The ordered pore structure of SBA-15 material
was confirmed by the FESEM image shown in the inset
Figure 1, in which the cylindrical pores can be clearly seen.

ELECTROANALYSIS

The UV-Vis spectra of the AgNP dispersion and SBA/
AgNP material are presented in Figure2, where the
plasmon resonance band due to silver nanoparticles is
observed. The presence of a single peak in both spectra
indicates spherical nanoparticle shape [33]. In the AgNP
dispersion this band appears with a maximum at 402 nm,
while for solid SBA/AgNP there is a shift in the band
position towards lower wavelength, which was interpreted
as a consequence of the changes in the refraction index
caused by the solid matrix [34]. The absorption in the violet
region of the spectrum results in intense yellow color for
AgNP water dispersion, as well as a yellowish color for the
solid SBA/AgNP material, as can be seen in the inset of
Figure 2. The maintenance of the plasmon band in the
SBA/AgNP spectrum is clear evidence that silver nano-
particles were incorporated to the SBA-15 silica.

Figure 3 shows the N, adsorption-desorption isotherms
of SBA-15 and SBA/AgNp materials along with the BJH
pore size distribution curves. The isotherms present well-
defined parallel adsorption and desorption inflexions
around relative pressures of 0.7, which are typical of
ordered mesoporous structure, in agreement with the X-
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Fig. 1. XRD of SBA-15 and SBA/AgNP materials. Inset Figure the representation of hexagonal packing of cylindrical mesopores and
FESEM image of SBA/AgNP material acquired with 80000x of magnification.
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Fig. 2. UV-Vis spectra of AgNP aqueous dispersion and SBA/AgNP material. Inset Figure the pictures of AgNP aqueous dispersion

and SBA/AgNP material.
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Fig. 3. Textural analysis of SBA-15 and SBA/AgNP materials. a) N, adsorption-desorption isotherms; b) BJH pore size distribution.

ray diffraction and FESEM images. Although the iso-
therms of both materials present a similar profile, they
present important differences. After the addition of the
AgNP aqueous dispersion there is a shift towards lower
adsorbed nitrogen amounts. The surface area and pore
volume of SBA-15 were 840m’g™"' and 1.12cm’g™,
respectively, while the SBA/AgNP material presented
lower values, 440 m*g~' and 0.658 cm’g!, respectively.
Also, a slight shift in the position of the hysteresis can be
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observed. This shift is responsible for the average pore
diameter decrease from 6.9 nm to 5.9 nm, as can be seen
in the pore size distribution curves of Figure 3b. These
textural changes were attributed to the presence of silver
nanoparticles inside of the pores.

The electrochemical behavior of the carbon nanotube
paste electrode modified with SBA-15 material, in the
absence of AgNP (CNT/SBA-PE) and in the presence of
AgNP (CNT/SBA/AgNP-PE) is presented in Figure 4a. As
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Fig. 4. Cyclic voltammograms of different modified electrodes: a) AgNP presence effect; b) Full lines: in the presence of PC
(46 ymolL™") and SMZ (25 umolL™"); dashed lines: in the absence of these drugs. Conditions: 0.04 molL™' of BRbs with pH 5.7,

0.5 molL™" of NaNOj; and scan rate of 20 mVs™.

can be seen, the cyclic voltammogram (CVs) of CNT/SBA-
PE shows no electrochemical process. However, the CV
obtained for CNT/SBA/AgNP-PE shows a well-defined
peak at +0.25 V corresponding to the oxidation process of
Ag’ to Ag" [13,35]. A quasi-reversible reduction of Ag"
process is observed approximately at +0.03 V. This result
confirms that AgNP are immobilized on the SBA surface
and the CNT/SBA/AgNP-PE can exhibit electrocatalytic
properties due to the AgNP presence.

The electrochemical responses of CNT/SBA-PE and
CNT/SBA/AgNP-PE electrodes to PC and SMZ, as well
as those of unmodified carbon nanotube electrode (CNT-
PE) are shown in Figure 4b. Well-defined oxidation peaks
of PC and SMZ for CNT/SBA/Ag-PE are observed at
approximately +0.57 V and +0.97 V, respectively. As can
be seen, the oxidation of both drugs is an irreversible
process in the examined potential range. The oxidation
peaks potentials for CNT/SBA-PE and CNT/SBA/AgNP-
PE were shifted towards lower values in comparison with
the ones for unmodified CNT-PE. Additionally, the
improvement in the CNT/SBA/AgNP-PE responses in
relation to the CNT/SBA-PE ones, such as high peak
resolution and shift to even lower potentials, was inter-
preted as a consequence of the AgNP presence on the
SBA-15 surface that increases the electroactive area of
the electrodes. Therefore, for both analytes, the CNT/
SBA/Ag-PE was chosen for further determination of PC
and SMZ, since it presents a better performance due to
the synergistic effects such as the conductivity of the
carbon nanotubes, high surface area of the SBA-15
support and the electrocatalytic properties of AgNP.

In addition, the behavior of the CNT/SBA/Ag-PE was
evaluated at different scan rates in PC and SMZ solutions.
The obtained voltammograms are presented in Figures S2a
and S3a (Supporting Information). The anodic peak
currents are linearly dependent on the square root of the
scan rates for both PC and SMZ (Figures S2b and S3b,
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R*~0.999). The slopes of the log I, vs log v were 0.434 and
0.56 for PC (Figure S2c¢) and SMZ (Figure S3c), respec-
tively. These results indicate that oxidation for PC is
controlled by diffusion alone, while for SMZ it is controlled
by diffusion with a minor contribution of adsorption [36].

The effect of the pH on the oxidation process of PC
and SMZ was evaluated by differential pulse voltammetry
and the results are presented in the Figures S4a and S4b,
respectively. The highest signal was attained at pH of 5.7
for both analytes. An increase in the peak potential was
observed as the pH decreases for both PC and SMZ,
showing that the oxidation process is pH dependent. The
relationship of peak potential as a function of pH showed
linearity (insets of Figures S4a and 4Sb, respectively),
presenting a slope of 0.045V pH™' for PC and 0.055V
pH™ for SMZ. These values are close to the Nernst
equation value (0.059 V pH™), indicating that the oxida-
tion process of the species, on the electrode surface,
presents an equal number of electrons and protons. There-
fore, according to the literature, the oxidation process of
PC and SMZ involves two electrons and two protons [37—
39].

3.2 Analytical Characteristics

In order to evaluate the performance of CNT/SBA/Ag-
PE as a sensor for PC and SMZ determination, the
optimized conditions were set, and they are presented in
Supporting Information. Differential Pulse Voltammo-
grams (DPVs) were recorded in solution with different
concentrations of PC and SMZ (Figure 5). For PC solely
(Figure 5a), a well-defined oxidation peak is observed at
ca. 0.520V, and a linear response between PC concen-
tration and peak current is accomplished in the range of
0.1 to 800 umol L', which is better seen on the calibration
plot in the inset of Figure 5a, along with the linear
equation. For SMZ, the oxidation process is observed at
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Fig. 5. DPVs of CNT/SBA/Ag-PE in solutions with: a) varied PC concentration; b) varied SMZ concentration; Inset Figures the
calibration plots and linear equations. Supporting electrolyte: 0.04 mol L' of BRbs with pH 5.7, 0.5 molL™" of NaNOs,

ca. 0.920 V, also as a single and well-defined peak (Fig-
ure 5b). The peak current increases linearly with the SMZ
concentration, in the range of 0.06 to 120 umolL™". Inside
Figure 5b is depicted presents the calibration plot and its
linear equation. The calculated detection limits are within
the nanomolar range, namely, 31nmolL™' and
19 nmolL™" for PC and SMZ, respectively, and they were
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estimated as 3 x SD/S, where SD is the standard deviation
obtained from eight blank solution measurements and S is
the sensitivity, expressed by the slope of the calibration
curve, 6.7 nALumol™' for PC and 13.8 nALumol ' for
SMZ (insets of Figures 5a and 5b) [40].

CNT/SBA/Ag-PE responses to PC and SMZ occur far
from each other (AE,,=400 mV). Thus, it is feasible to
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envisage a simultaneous detection and determination of
these analytes. Figure S5a (Supporting Information)
presents the DPVs obtained at different concentrations of
PC in the presence of a constant amount of SMZ
(0.43 umol) corresponding to 25.5 umolL™" of SMZ. Two
peaks ascribed to PC and SMZ are observed, with no
significant variation in the peak potential when compared
with the individual analysis. The PC peak current intensity
increases linearly as the PC concentration increases, while
the SMZ peak intensity remains almost constant through-
out the analysis. The calibration plots (I vs concentration)
for PC in the presence of SMZ are presented in Fig-
ure S5b. Detection limits and linear range values are
summarized on Table 1, along with the same parameters
obtained from the individual analysis.

The same behavior is observed for DPVs registered in
solution with varied SMZ concentrations, in the presence
of a constant amount of PC (1.06 pmol) which corre-
sponds to a 53.0 umolL™' PC solution (Figure S6a). The
SMZ peak current intensity increases linearly with the
SMZ concentration (Figure S6b), while the PC peak
remains almost unchangeable. These results suggest no
SMZ interference in the PC determination and no PC
interference in the SMZ determination. Therefore, the
CNT/SBA/Ag-PE can be applied successfully to the
simultaneous determination of PC and SMZ.

The DPVs for the simultaneous determination of PC
and SMZ using CNT/SBA/Ag-PE are presented in Fig-
ure 6. A linear increase in the intensity of the peak
current is observed for both analytes with the simulta-
neous increase in their concentrations. The respective
calibration curves for PC and SMZ are shown alongside

Table 1. Comparative performance of sensors for PC and SMZ.

ELECTROANALYSIS

Figure 6, and the analytical parameters are presented on
Table 1. The detection limits for both PC and SMZ, in the
simultaneous determination, remain the same as their
individual ones. Their sensitivities, which are expressed
by the slope of the linear equation, are also well
preserved, namely, 6.3nAumol” for PC and
143 nAumol™' for SMZ. These results indicate the
feasibility of quantifying both analytes, PC and SMZ, at
the same time, using the CNT/SBA/Ag-PE, with good
sensitivity and low detection limits.

Table 1 presents comparative analytical characteristics
of recently reported sensors for PC and SMZ, such as limit
of detection and linear concentration range. As it can be
seen, the performance of the developed electrode CNT/
SBA/Ag-PE is comparable with the best reported sensors.

As a way of estimating the repeatability (the intra-
assay precision) of the CNT/SBA/Ag-PE, five experi-
ments were performed on the same day, in the same
electrochemical cell with the same samples, using BRbs
with pHS5.7 and 0.5molL™" of NaNO; containing PC
(96 umolL™") and SMZ (50 umolL™"). The relative
standard deviations (RSD) for five successive analyses
were 1.2 % for PC and 1.7 % for SMZ. The reproducibility
was estimated in a series of experiments with five equally
prepared CNT/SBA/Ag-PE electrodes. The obtained
RSD values were equal to 2.1 % for PC and 2.8% for
SMZ. Moreover, measurements were also carried out
with five electrodes prepared over five different days. In
this case, the RSD values were 3.8 % for PC and 4.1 % for
SMZ, considering the same concentration level.

Regarding the possibility of determining PC and SMZ
in urine samples, and considering that urine can contain

Electrode Method Analyte Linear range, LOD, Ref.
pmol L™ nmol L'

fMWCNT-[BMIM]PF/GCE" Swv PC 0.3-3.0 67 [9]
fMWCNT/CTS—Co/GCE? DPV PC 0.1-400 10 [10]
EP/MWCNTs/pPGE? DPV PC 0.06-60 18 [11]
PEDOT/Au/GCE* amperometry PC 0.15-5881 41 [12]
GCE/rGO-AgNP® DPV SMZ 1.0-10 0.6 [13]
GOlpoly(Val)/CPE’ DPV PC 5-60 290 [14]
carboxyl/MWCNTs/GCE’ amperometry SMZ 0.5-110 94 [15]
SPCE/CB-ERGO* - PC 9.9-95 1500 [16]
MWCNT/PBnc/SPE’ DPV SMZ 0.1-10 38 [17]
AArGO/SPE" DPV SMZ 0.5-50 40 [18]
MWCNT/PE" DPV SMZ 0.35-30 100 [19]
CNT/SBA/Ag-PE DPV PC 0.1-800 31 This work
CNT/SBA/Ag-PE DPV SMZ 0.06-120 19 This work

'glassy carbon electrode covered with composite of functionalized multi-walled carbon nanotubes and 1-butyl-3-methylimidazolium
hexafluorophosphate; glassy carbon electrode modified with nanocomposite consisting of functionalized multi-walled carbon
nanotubes and complex of chitosan with Co (II) ions; *clay graphite MWCNT electrode; “glassy carbon electrode modified with poly
(3,4-ethylenedioxythiophene) and Au@graphene core-shell nanoparticles; glassy carbon electrode modified with reduced graphene
oxide and silver nanoparticle composite; “carbon paste electrode modified with polyValine and graphene oxide; “glassy carbon electrode

modified with carboxyl multiwalled carbon nanotubes;

fscreen printed carbon electrode modified with carbon black and electrochemically reduced graphene oxide composite; *screen-printed
electrode modified with multiwalled carbon nanotubes decorated with Prussian blue nanocubes; "screen-printed electrode modified
with ascorbic acid reduced graphene oxide; "multi-walled carbon nanotube paste electrode.
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Fig. 6. DPVs of CNT/SBA/Ag-PE in solutions with varied concentrations of both PC and SMZ. Supporting electrolyte: 0.04 mol L™ of
BRbs with pH 5.7, 0.5 mol L' of NaNO;. Aside Figure 6 the calibration curves of simultaneous analysis a) PC and b) SMZ.

different redox active interferents, the analytical perform-
ance of the CNT/SBA/Ag-PE electrode was investigated
using DPV technique in the presence of potential
interferents, such as ascorbic acid, uric acid, dopamine,
glucose and trimethoprim. The interferents (except UA)
did not show an oxidation process in the studied potential
range. The oxidation peak of UA was observed at
0.380 mV and high concentrations of UA (>100 umol L")
influence the shape of PC peak oxidation. The effect of
the interferents on the background current was evaluated
by using varied concentrations of these substances. As
shown in Figures S7a and S8a, background current of PC
and SMZ oxidation peaks increase dramatically in the
presence of AA, DA and UA, while the addition of
glucose or trimethoprim results in minor changes. How-
ever, it is possible to observe in Figures S7b and S8b that
the signals of both PC and SMZ anodic peaks are
enhanced by the same amplitude in each studied system.
The recoveries vary in the range of 98-102%. The
obtained results indicate that the CNT/SBA/Ag-PE is a
promising electrode to be applied as a sensor for the
determination of PC and SMZ in urine samples by using
the standard addition method.

In order to evaluate the practical applicability of CNT/
SBA/Ag-PE, the analyses of synthetic and human urine
samples were performed by using the DPV technique and
standard addition method. The results (mean + SD) for
three determinations and the corresponding recovery
values are presented in Table 2. It can be clearly seen that
there were no significant differences between added and
detected concentrations of drugs in artificial urine sample,
while recovery values are slightly higher (within 3-4 %) in
humane urine sample. The obtained results indicate the
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Table 2. Determination of PC and SMZ by CNT/SBA/Ag-PE in urine.

System Analyte [Added] [Found] Recovery
pmol L™ umolL™'* %

Synthetic Urine+SMZ SMZ 4.1 42+01 102 +2
Synthetic Urine+PC  PC 6.7 6.8+0.1 101 +1
Synthetic Urine+PC  SMZ 4.1 42+02 102 £3
+SMZ PC 6.7 6.6 +02 99 +1
Human Urine+SMZ SMZ 4.1 42+02 102 £3
Human Urine 4+ PC PC 6.7 69+03 103 t4
Human Urine+PC SMZ 41 43+02 104 £3
+SMZ PC 6.7 6.9+03 103 +4

* analysis performed in triplicate.

CNT/SBA/Ag-PE can be applied to the determination of
PC and SMZ in urine samples using the standard addition
method.

4 Conclusions

In this work, a novel electrochemical sensor based on an
electrode comprised of carbon nanotubes modified with
SBA-15 and decorated with silver nanoparticles was
tested. This sensor (CNT/SBA/Ag-PE) exhibited sensitive
and selective detection for PC and SMZ individually and
collectively for PC and SMZ determination in urine
samples. Using DPV, the detection limits were
31nmolL™" and 19 nmolL™" for PC and SMZ, respec-
tively. The electrode exhibited stability, good reproduci-
bility and repeatability for drug detection with a low
relative standard deviation (less 5 %). The above excellent
analytic sensing properties are attributed to synergistic
characteristics such as low electron transfer resistance of
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the MWCNT, high surface area of SBA-15 and electro-
catalytic activity of the AgNP. The methodology was
applied to the determination of PC and SMZ in both
artificial and real urine and it showed high recovery rates
(99-105 %). The obtained results demonstrate a potential
applicability of CNT/SBA/Ag-PE electrode as a sensor
for practical biomedical and environmental uses.
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Abstract

Mesoporous SBA-15-type silica, with cylindrical pores hexagonally ordered, was obtained and modified with niobium oxide in
a highly dispersed way. Subsequently, a further modification with cobalt hematoporphyrin was performed. The ordered pore
structure of the SBA-15 was preserved after successive modifications, maintaining its textural properties. The material was used
to modify a carbon paste electrode that was successfully applied to the individual and simultaneous detection of both oxalic
acid and uric acid, by using cyclic voltammetry and differential pulse voltammetry. For individual evaluation, the obtained
detection limits for oxalic acid and uric acid were 9.94 and 0.17 umol-L ™', respectively. However, for the simultaneous
evaluation of both analytes, the detection limits were 2.83 and 0.14 umol-L ™!, for oxalic acid and uric acid, respectively.
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1 Introduction

Mesoporous SBA-15-type silica materials exhibit high
surface area and cylindrical hexagonally ordered mesopores
[1]. The preparation of this type of material is based on the
hydrolysis and polycondensation reactions of silicon alk-
oxide precursors and a template is employed to build the
well-organized pore structure. This synthesis strategy
allows specific textural characteristics to be obtained that
lead to materials with high pore volumes, unimodal pore
size distributions and interconnected micropores and
mesopores [2] which allow their use as sorbents [3], cata-
lysts [4, 5], drug delivery systems [6], as well as matrices
for the development of electrochemical sensors [7]. Such
silica moieties with high surface areas and high pore
volumes led to a high electroactive area, which is an
important parameter to obtain efficient electrodes. It was
demonstrated that the best silica materials for manufacturing
CPEs were ordered systems, such as SBA-15, which pre-
sents high porosity, interconnected micropores and cylind-
rical mesopores, enabling electron transfer and allowing the
easy diffusion of species to specific sites [8].

SBA-15 silica materials can be chemically modified
by grafting reactions to produce metal oxide coatings
covalently bonded to the silica surface [9]. By using
planned and well-controlled experimental conditions, the
grafting reactions allow highly dispersed and amorphous
metal oxides to be obtained, in this way preventing pore
blocking and maintaining the textural characteristics of
the SBA-15 silica matrix [10, 11]. In the same way, the
modification of silica surfaces with thin coatings of metal
oxides, such as niobium oxide, provides reactive Lewis
and Brgnsted acid sites [11-13]. These sites facilitate
enabling interactions with other species with specific
organic functional groups, such as carboxylate [14] and
allow the immobilization of electroactive macro-
molecules [9, 15], which is useful for the development of
electrochemical sensors.

Despite exhibiting high solubility, oxalic acid chelation
with calcium or magnesium leads to the formation of
oxalate salts, which have rather low solubility. This pro-
cess, in addition to removing calcium ions from the blood,
can produce renal stones [16, 17]. In this way, the urinary
level of oxalic acid has been recognized as an indicator in
the diagnosis of renal stones. Another important compound
that is present in the human organism is uric acid, which is
the product of purine metabolism. The amount of uric acid
in the blood or urine also helps to diagnose several dis-
eases, such as hyperuricemia, Lesch—Nyhan syndrome,
obesity, gout, diabetes, high blood pressure, and high
cholesterol [18, 19]. Several methods have been described
to quantify oxalic and uric acids in body fluids, including
spectrometry [20, 21] and chemiluminescence [22, 23].

@ Springer

However, these methods are expensive and they involve
several sampling steps. Thus, simple and direct methods for
monitoring the amount of oxalic and uric acids are desir-
able. Therefore, electrochemical techniques stand out as
being easy and low-cost possibilities. In this context, this
work presents a CPE modified with mesoporous SBA-15
material, previously grafted with niobium oxide and cobalt
hematoporphyrin (CoHp), which allows the evaluation of
these analytes individually or simultaneously. As far as we
know, this is the first report of simultaneous evaluation of
oxalic acid and uric acid, making the developed electrode
very promising for application in diagnosis for both ana-
lytes that are simultaneously present in urine.

2 Experimental
2.1 Synthesis of SBA-15

SBA-15 type silica was synthesized from an adapted
procedure reported elsewhere [1]. In this procedure,
Pluronic” P-123 surfactant was used as a template and
tetraethylorthosilicate (TEOS, Sigma, 98%) as a source
of silica. For the purpose of this synthesis, 2 g of sur-
factant were first dissolved in 75 mL of 1.6 mol-L~' HCI
(Merck). The system was maintained at 40 °C under
magnetic stirring. Afterward, 4.6 mL of TEOS were
added slowly and the system remained under stirring and
heating for 24 h. Then the system was transferred to an
autoclave and heated at 100 °C for an additional 24 h.
The white solid obtained was filtered, washed with dis-
tilled water, and dried in an oven at 80°C for 4h.
Finally, the material was calcined in a muffle furnace for
6 h at 550 °C to remove the template. This procedure was
repeated several times to obtain a sufficient amount of
SBA-15 material.

2.2 Modification of SBA-15 surface with niobium
oxide (SBA/Nb)

SBA-15 material (2.5g) was previously activated at
120 °C, under vacuum, for 8h. Subsequently, it was
dispersed in toluene (Merck, 99.5%, 30 mL), under N,
atmosphere, at 80 °C. At the same time, 405 mg of nio-
bium pentachloride, provided by Companhia Brasileira de
Mineragdo e Metalurgia (CBMM) were dissolved in
10 mL of absolute ethanol (Merck, 99.9%), in a glove
chamber, under N, atmosphere. This solution was added
to the flask containing SBA-15 in toluene. The mixture
remained under mechanical stirring at 80 °C for 18h.
Afterwards, the supernatant was removed, and the mate-
rial was washed with the following order of solvents:
toluene, ethanol, water, and ethanol. The solid was then
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dried at 120 °C, under vacuum. This material is hereafter
called SBA/Nb.

2.3 Modification of SBA/Nb with cobalt
hematoporphyrin (SBA/Nb/HpCo)

Firstly, the metalation of hematoporphyrin was performed
by adapting the method described by Zahavi [24]. Hema-
toporphyrin (50 mg) was dissolved in 5 mL of chloroform
and 7mL of tetrahydrofuran (Merck). A cobalt acetate
(Synth, 50 mg)/acetic acid solution (Dynamics, 4 mL) was
added, under N, atmosphere and the system maintained
under stirring, for 4 h. A mixture of acetic acid:ethyl acetate
(1:8 v/v) was then added to precipitate the excess of cobalt,
which was separated by centrifugation. Hexane (Merck,
16 mL) was added to the supernatant and the system was
left in the refrigerator at 5 °C for 24 h. A CoHp precipitate
thus formed was separated by centrifugation, dried under
vacuum, and redissolved in 10 mL of ethanol. The CoHp
ethanolic solution was added to 2.0 g of SBA/Nb material.
The system was maintained under mechanical stirring for
24 h. Finally, the solid was filtered, washed with ethanol
and dried at 100 °C under vacuum. The solid obtained was
designated as SBA/Nb/HpCo.

2.4 Materials characterization

X-ray diffraction analysis (XRD) was performed using a
Siemens model D500 diffractometer, with Cu-Ka as source
(A=0.154056 nm). The N, isotherms were obtained at
77K, using a Tristar II Kr Micromeritics instrument, after
the samples were degassing at 120 °C, for 10 h. BET sur-
face area and BJH pore size distribution methods were
applied [25]. Transmission electron microscopy (TEM)
images were obtained using a JEOL JEM model 2010,
operating at 120keV. The samples were previously dis-
persed in isopropyl alcohol, in an ultrasound bath, and
dispersed onto a carbon-coated copper grid, before the
analyses. Scanning electron microscopy (SEM) images
were acquired in a Zeiss Auriga microscope. The samples
were previously dispersed on a conductive tape on
aluminum support and coated with gold film. EDS analysis
was acquired with an electron beam of 15keV and 5nA
current in a JEOL SEM with a LaBg filament and equipped
with a Thermo Fisher Scientific SDD spectrometer. The
samples were compacted as disks (5.0 ton cm~2). UV-Vis
spectra were obtained in an Agilent CARY 5000 spectro-
photometer, using transmission technique for liquid
samples and diffuse reflectance with integrating sphere
for solid materials. The Kubelka-Munk method was applied
in the latter case: k/s =[(1—R)?]/2R, considering (R) as
the diffuse reflectance, absorbed light as (k) and (s) as
scattering coefficient.

2.5 Electrochemical measurements

Electrochemical measurements were performed on an
IviumStat galvanostat/potentiostat by using a three-electrode
cell constituted by: a saturated calomel electrode (SCE) as
reference; a platinum wire as counter electrode and a CPE as
a working electrode. The modified CPE was prepared by
using SBA/Nb/HpCo material (8 mg), analytical grade gra-
phite powder (Sigma, 99%, 12 mg) and mineral oil (5 mg).
The components were mixed and a fraction of the paste was
deposited in a Teflon cavity with 1 mm depth, connected to a
platinum disk (6 mm of diameter) glued to a glass tube with
a copper wire. The modified CPE is hereafter referred to as
SBA/Nb/HpCo-CPE and was used to evaluate oxalic and
uric acid contents (Sigma, 98%) using cyclic voltammetry
and differential pulse voltammetry techniques. All mea-
surements were carried out at room temperature in the pre-
sence of I1molL™' KCl (Merck, 99.5%) as a support
electrolyte. The potential range used for cyclic voltammo-
grams for oxalic acid was between 0.3 and 1.0V, with
20mV-s~! scan rate; for uric acid, the corresponding para-
meters were 0.1-0.6V, and 20mV-s~!, respectively. For
differential pulse voltammetry, the potential range used was
between 0.1 and 0.4 V, with 5mV-s~! scan rate. Phosphate
buffer solution (PBS, 0.1 mol-L™!, pH 6.0) was prepared
from NaH,PO, (Vetec) and Na,HPO, (Vetec).

3 Results and discussion

Niobium (V) oxide was grafted onto a mesoporous SBA-15
surface to generate the SBA/Nb material by using an
anhydrous ethanolic NbCls solution as niobium precursor.
The grafting reaction was planned to yield 0.5 mmol of
niobium per gram of SBA/Nb. Subsequently, this material
was further modified with CoHp to obtain the SBA/Nb/
HpCo. Figure 1A shows the XRD patterns of materials at
small angles, from 0.5 to 2.8°. All diffractograms presented
a typical pattern of mesoporous SBA-15 material with
hexagonally ordered cylindrical pores. The peaks at 0.9°,
1.5°, and 1.7° angles are due to the 100, 110 and 200
planes, respectively [1, 5, 10]. The ordered cylindrical pore
structure is illustrated in the inset Fig. 1A. The XRD results
demonstrate that the hexagonal ordered structure of SBA-
15 is preserved, even after the subsequent surface mod-
ifications with niobium oxide and CoHp. Figure 1B pre-
sents a SEM image of the SBA-15, showing silica particles
with similar morphology with dimensions around 500 nm.
The TEM image of SBA-15, which is depicted in Fig. 1C,
shows a lateral view of the ordered structure of the
cylindrical pores.

Figure 2A shows the backscattered electron image of the
SBA/Nb/HpCo material and the EDS spectrum is depicted
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Fig. 1 A XRD analysis of SBA- 3000 = A )
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structure; B SEM image of 2000-
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SBA-15 > ——SBA-15

‘% 1500 —— SBA/Nb

I —— SBA/Nb/HpCo

= 1000 (110 (200) (100)

500 -
0 T T T T T T T T
0.5 1.0 15 20 25

Angle 260 (°)

140000
¥
120000 L O
10000
04
T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
Energy (keV)
siK] O J— 337 o i E—— 0 I

2C

25 pm 25 pm 25 pm

Fig. 2 EDS analysis: (A) backscattered electron image of sample pressed at 5.0 ton cm?; B EDS spectrum; C silicon elemental mapping; D niobium
elemental mapping and (E) cobalt elemental mapping
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in Fig. 2B. The image is consistent with the pressed powder
preparation of the sample (5.0 ton cm?). The Si-Ka and Nb-
Lo peaks are clearly observed, and they were estimated as
98 wt.% Si0O, and 2 wt.% Nb,Os. In the case of the Co-Ka
peak, quantification was not possible. Qualitatively, how-
ever, the presence of cobalt can be securely established. The
elemental mapping is presented in Fig. 2C, 2D and 2E for
silicon, niobium and cobalt, respectively. As can be seen,
the niobium and the cobalt showed homogeneous distribu-
tion at the micrometric level, even though the latter is sta-
tistically poor.

Nitrogen adsorption-desorption isotherms are depicted in
Fig. 3A. Type 1V isotherms with vertical parallel H1 hys-

Table 1 Textural data of materials

Sample Surface area (%5 ng’l) Pore size® (nm)
SBA-15 768 6.7
SBA/Nb 730 6.3
SBA/Nb/HpCo 670 6.5

®Pore diameter, obtained from the maxima of the BJH pore
distribution curves

teresis are clearly seen for all materials. This behavior is
typical of materials with cylindrical and highly ordered
mesopores [1, 10]. The BJH pore size distribution curves
shown in Fig. 3B, which were obtained from the desorption
branch of isotherms, confirm the ordered mesopore struc-
ture with narrow size distribution, characteristic of SBA-15-
type materials. The surface areas and pore diameters are
presented in Table 1. After the grafting reaction, from SBA-
15 to SBA/NbD, the surface area decreases by 5%, and the
pore diameter decreases by 0.4 nm. This result indicates that
the niobium oxide is highly dispersed on the surface (SBA/
Nb), which is compatible with a coating of about 0.2 nm
thickness [11]. Further modification of the surface with
CoHp (SBA/Nb/HpCo) leads to an additional decrease in
the surface area of about 8%, and also an increase of 0.2 nm
in the pore diameter. This behavior, of increasing diameter,
was already reported during the immobilization of macro-
molecules on porous silica materials, and it was interpreted
as a possible leaching process which occurs during the
CoHp immobilization, resulting in some erosion of the
silica pore wall [26]. This interpretation makes sense, since
the matrix for immobilizing CoHp (SBA/Nb) has not
undergone previous heat treatment, precisely to remain

Fig. 4 UV-Vis spectra of: (A)
ethanolic solution of
hematoporphyrin (Hp) and
cobalt hematoporphyrin (CoHp),
the Inset shows their structures
and symmetries; B solid
materials, the inset shows a
representation of cobalt
hematoporphyrin I
functionalizing the SBA/Nb/ ’
HpCo pores
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Fig. 5 A Cyclic voltammograms in the absence (segmented line) and
in the presence of 4120 pumol L~ of oxalic acid (straight line) for
unmodified CPE, SBA-CPE, SBA/Nb-CPE and SBA/Nb/HpCo-CPE.
B Cyclic voltammograms of SBA/Nb/HpCo—CPE in the presence of

different concentrations (490 and 6520 umol-L~") of oxalic acid, using
1 mol-L ™! of KCI and scan rate of 20 mV-s~'; The Inset to (B) shows
the linear correlation between peak current and oxalic acid
concentration
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Fig. 6 Cyclic voltammograms
obtained with SBA/Nb/
HpCo—CPE at different scan
rates (20-200 mV-s~') in the
presence of oxalic acid

(4500 umol-L "), performed in
1 mol-L™! KCI; A linear
correlation between the current
peak intensity (Ip) versus square
root of the scan rate (v”z);

B linear correlation between log
Ip versus log v
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Fig. 7 Differential pulse voltammograms obtained with SBA/Nb/
HpCo-CPE, in the presence of oxalic acid, in the concentration range
from 980 to 6140 umol-L~", using 1 mol-L ™! KCl as support electro-

lyte and v =20 mV-s~'. The Inset shows the linear correlation between
peak current and oxalic acid concentration

more reactive. In this way, the textural analysis is in
accordance with the XRD data, showing that the successive
surface modifications do not produce changes in the ordered
pore structure and the texture of materials remains almost
unchanged.

The UV-Vis spectra of hematoporphyrin before and
after the metalation with cobalt are presented in Fig. 4A.
The spectrum of hematoporphyrin presents four bands,
assigned as Q bands of the porphyrin ring, associated with
the D,, symmetry, while the spectrum of metalated
hematoporphyrin shows only two Q bands, which are
associated with the Dy, symmetry [27-29]. The spectrum
of SBA/Nb/HpCo material is depicted in Fig. 4B. Two Q
bands are evident in the latter spectrum, identifying the
presence of the CoHp in which the porphyrin ring presents
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Fig. 8 Cyclic voltammograms obtained with SBA/Nb/HpCo—CPE in
the presence of different concentrations of uric acid, in phosphate
buffer solution (0.1 mol-L ™", pH 6), using 1 mol-L™' KCI and v=

20mV-s~!. The inset shows the linear correlation between uric acid
concentration and the intensity of the peak current

Dy, symmetry. The spectra of SBA-15 and SBA/Nb
materials show no bands in the visible region (Fig. 4B).
The SBA/Nb/HpCo material was used to modify the
CPE (SBA/Nb/HpCo—CPE) in order to verify the viability
of its use in the electrochemical determination of oxalic and
uric acids. Firstly, cyclic voltammograms were obtained in
the absence and in the presence of oxalic acid for unmo-
dified CPE, SBA-CPE, SBA/Nb-CPE and SBA/Nb/
HpCo—CPE, using 1 mol-L™' KCI solution as electrolyte
support. The resulting cyclic voltammograms are shown in
Fig. 5A. For all the electrodes, no oxidation peak was
detected in the absence of oxalic acid, in the potential range
studied. However, for SBA/Nb/HpCo—-CPE, in the presence
of oxalic acid, a well-defined irreversible anodic peak,
which corresponds to its oxidation, was observed at a
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Table 2 Comparative

. Electrode Experimental Electrochemical Linear range LOD Reference
performance of different conditions techniques (umol-L ™) (umol-L ™)
electrodes in the electrochemical d K H
determination of oxalic acid Graphite/Ag/  H3PO, (0.05 M) EIS, CV, DPV 10-750 37 [31]
AgCI® v=350mV-s!
TiO,/ HCIO, (0.1 M) CvV 100-10000 33 [35]
MWCNTS/GC? v=50mV-s~"!
PdAuNP/ H,SO,4 (0.2 M) CV, LSV 5-100 2.7 [36]
graphene® v=100mV-s~!
Pd/SBA-15/ H,SO4 (0.1 M)/0.1M  CV, LSV 10-140 0.4 [37]
CPE¢ PBS (pH 6.00) v =
50mV-s~!
PtNP/Glassy HCIO4 (0.1 M) CV, Amperometry 1.4-595 0.28 [38]
Carbon® v=100mV-s~'
Ag-doped PBS (0.1 M) CV, DPV 16-1800 55 [39]
ZSM-5' v=20mV-s!
PANP/rGO# H,SO, (0.1 M) CV, DPV 50-10,000 50 [40]
y=50mV-s~
AgNRs/ PBS (0.1 M) CvV 3000-30,000 40 [41]
Graphene” v=50mV-s!
PdPt/GC! HCIO,4 (0.1 M) CV, Amperometry 10-4700 1 [42]
v=100mV-s~'
SBA/Nb/ KCI (1 M) CV, DPV 980-6140 9.94 This work
HpCo-CPE v=20mV-s~!
SBA/Nb/ KCI (1 M) CV, DPV 1456-4128 2.83 This work
HpCo-CPE/ y=20mV-s~!

LOD Limit of detection, EIS Electrochemical impedance spectroscopy, CV Cyclic voltammetry, DPV
Differential pulse voltammetry, LSV Linear sweep voltammetry, v = scan rate

#Silver and silver chloride deposited on graphite

°Ti0, nanoparticles/multi-walled carbon nanotubes/glassy carbon

“Palladium nanoparticles on reduced graphene oxide

dpalladium-doped SBA/carbon paste electrode

®Platinum nanoparticles modified glassy carbon electrode

fSilver incorporated in ZSM-5/carbon paste electrode

£Palladium nanoparticles on reduced graphene oxide

hSilver nanorods dispersed on graphene

'Palladium and Platinum/glassy carbon

JSimultaneous analysis with Uric Acid

potential near to 0.85 V. For all other electrodes no oxalic
acid oxidation peak was observed, in the potential range
studied. These results confirm the electrocatalytic properties
of the SBA/Nb/HpCo—CPE system. The peak irreversibility
is due to the formation of carbon dioxide during the oxi-
dation, which is rapidly released from the electrode’s sur-
face, thus making the process irreversible [30, 31].

The cyclic voltammograms of SBA/Nb/HpCo-CPE,
obtained by using different oxalic acid concentrations, in
the range between 490 and 6520 umol-L~!, are shown in
Fig. 5B. An increase in the intensity of the acid oxalic
oxidation peak was observed with increasing oxalic acid
concentration and the inset Fig. 5B shows the linear cor-
relation between the anodic peak current and the analyte

concentration, considering only the Faradaic current. In this
way, it is revealed that this electrode has potential applic-
ability as a sensor, within the chosen concentration range.
With the purpose of evaluating the electrochemical beha-
vior of the SBA/Nb/HpCo—CPE, in the oxalic acid oxidation,
cyclic voltammograms were performed with different scan
rates, between 20 and 200mV-s~', in the presence of
1.0 mol-L ™" KClI solution. The voltammograms are shown in
Fig. 6. The linear correlation between the current peak
intensity (Ip) and the square root of the scan rate (Fig. 6A)
suggests a diffusional mechanism for the electroactive species
on the electrode surface. The correlation between log v versus
log Ip was obtained in order to confirm whether the process is
really controlled by diffusion. A slope close to 0.5 indicates a
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Fig. 9 Cyclic voltammograms
obtained with SBA/Nb/
HpCo—CPE at different scan
rates (10200 mV-s~') in the
presence of uric acid

(698 umol-L™1), using phosphate
buffer (0.1 mol-L™!, pH 6) and
1 mol-L™" KCI; A linear
correlation between the current
peak intensity (Ip) versus square
root of the scan rate (v”z);

B linear correlation between log
Ip versus log v

y =-48.423 + 18.249x
R =0.9934
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v (mv ')

y=0.583 + 0.765x

diffusional process, while a slope value close to 1.0 indicates
that the process occurs by adsorption [32, 33]. As the obtained
linear correlation value was 0.666 (Fig. 6B), we can infer that
the oxidation process of the oxalic acid on the SBA/Nb/
HpCo—CPE is controlled by a diffusion mechanism, because
the slope is near 0.5.

Measurements using differential pulse voltammetry
techniques, with the SBA/Nb/HpCo-CPE electrode, were
performed with concentrations of oxalic acid between 980
and 6140 umol-L~!. The voltammograms are depicted in
Fig. 7, and they show that the anodic peak current increases
with increasing oxalic acid concentration. The inset to
Fig. 7 shows the linear correlation between the anodic peak
current and the oxalic acid concentration. According to the
slope of this curve, the sensitivity was estimated as
0.015 pA-L-umol ', The limit of detection (LOD) was cal-
culated from (3 x SDb/slope) [34], where SDb is the stan-
dard deviation of the blank measurements (n = 10). The
obtained LOD value was 9.94 umol-L "

Table 2 presents the concentration range, the experimental
conditions, the applied technique and the LOD for other
types of electrodes, which were recently reported for oxalic
acid determination. As can be seen, the SBA/Nb/HpCo—CPE
presents a LOD value comparable with the values of other
electrodes. However, considering the concentration range
above 1000 umol-L~!, the SBA/Nb/HpCo—CPE electrode is
among those with the lowest LOD values.

The SBA/Nb/HpCo—CPE was also used in the investi-
gation of the electrochemical behavior of uric acid, using
cyclic voltammetry and differential pulse voltammetry.
Figure 8 shows the cyclic voltammograms for uric acid in
the concentration range from 49 to 698 umol-L~", using
ImolL™" KCI and a scan rate of 20mV-s~'. In the
absence of uric acid, no oxidation peak was detected.
However, a well-defined and irreversible anodic peak was
observed at a potential close to 0.35 V, thus characterizing
the oxidation of uric acid by the SBA/Nb/HpCo—-CPE.
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Fig. 10 Differential pulse voltammograms obtained with SBA/Nb/
HpCo-CPE in the presence of different concentrations of uric acid, in
phosphate buffer (0.1 mol-L ™!, pH 6), KCl 1 mol-L ™! and v=5mV-s;
The Inset shows the linear correlation between uric acid concentration
and peak current intensity

With regard to the inset in Fig. 8, two linear concentration
ranges are clearly identified.

The influence of the scan rate on the electrochemical
behavior of uric acid was also investigated by cyclic vol-
tammetry and the results are shown in Fig. 9. An increase
in the current peak intensity and also a peak displacement
to higher potentials were observed with increasing scan
rate. Figure 9A provides information about the uric acid
oxidation process, showing a linear correlation between
the current peak intensity (Ip) and the square root of the
scan rate (v'’?). As observed for oxalic acid, this result also
suggests that the mechanism of uric acid oxidation on the
SBA/Nb/HpCo—CPE surface is controlled by diffusion of
electroactive species [33]. However, the linear correlation
between log Ip versus log v, which is presented in Fig. 9B,
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Table 3 Comparative

. Electrode Experimental Electrochemical Linear range =~ LOD Reference
performance of different conditions techniques (umol-L 1) (umol- L")
electrodes in the electrochemical d a a
determination of uric acid GO/GCE® PBS (0.1M, pH 65) CV 20-490 3.45 [43]
v=>50mV-s~!
RGO-ZnO" PBS (0.1 M, pH 6) CV, DPV 1-70 0.33 [44]
y=50mV-s!
N, atmosphere
Pd/RGO/GCE® PBS (0.1 M, pH 7) CV, DPV 6-470 1.6 [45]
v=0.05mV-s"
GNP/FTO! PBS (0.1 M, pH 7) CV, DPV 10-100 0.28 [46]
v=100mV-s~!
Au-Cu,0O/rGO®  PBS (0.1 M), CV, DPV, EIS 100-900 6.5 [47]
v=100mV-s~'
PB/rGOf ABS (0.1 M, pH 6) CV 40415 8.0 [48]
v=25mV-s~!
NiO/MWCNT? PBS (pH 7) CvV 10-2500 1 [49]
v=50mV-s~
Fe;0,/CPE" PBS (0.1M, pH 7.5) CV, EIS 160-2110 80 [50]
3D-ACNT! PBS (0.01M, pH 74) CV 100-1000 1 [51]
v=50mV-s!
SBA/Nb/ PBS (0.1 M, pH 6) CV, DPV 25-350 0.17 This work
HpCo-CPE KCl1 (0.1 M)
y=20mV-s~!
SBA/Nb/ PBS (0.1 M, pH 6) KCl CV, DPV 98-260 0.14 This work
HpCo-CPE (0.1M) v=20mV-s~!

LOD Limit of detection, EIS Electrochemical impedance spectroscopy, CV Cyclic voltammetry, DPV
Differential pulse voltammetry, LSV Linear sweep voltammetry, v = scan rate

“Uricase onto graphene oxide/glassy carbon electrode

°Graphene zinc oxide/glassy carbon electrode

“Palladium on reduced graphene oxide/glassy carbon electrode

dgraphene nanoplatelet-modifiedfluorine-doped tin oxide electrode

¢Au-Cu,O nanoparticles/reduced graphene oxide

Prussian blue/reduced graphene oxide

ENiquel oxide/multi-walled carbon nanotube

"Magnetite modified carbon paste electrode

i3D-aligned carbon nanotube

JSimultaneous analysis with Oxalic Acid

shows a slope of 0.765. This value of slope, between 0.5
and 1.0, indicates that the process is controlled simulta-
neously by diffusion and adsorption [32]. This adsorption
can be explained by the high porosity of the electrodes
containing nanostructured SBA and by the presence of the
Nb,0Os, which presents Lewis acid sites that can interact
with the uric acid [12, 14].

Differential pulse voltammograms were obtained with
SBA/Nb/HpCo—CPE for uric acid, by varying its concentra-
tion in the range from 24.9 to 283.0 umol-L ™', The voltam-
mograms are depicted in Fig. 10 and they show that the anodic
peak current increases with increasing uric acid concentration.
The inset to Fig. 10 shows a linear correlation between the
anodic peak current and the uric acid concentration, within the
applied concentration range. The sensitivity was determined
from the slope of the calibration curve, whose value was

0.384 pA-L-umol ~!. The calculated LOD was 0.17 yumol-L ™.
Therefore, compared with the oxalic acid, the SBA/Nb/
HpCo—CPE showed higher sensitivity toward uric acid.

Table 3 presents a comparison of the performance of
different electrodes recently used for the determination of
uric acid with that of SBA/Nb/HpCo—CPE. As can be seen
in Table 3, the electrode developed in this work showed a
lower LOD value when compared with other electrodes
already reported. Therefore, the electrode proposed in this
work showed high sensitivity in the determination of uric
acid over a wide linear concentration range. These results
are promising and indicate that this electrode can be used as
a sensor to determine uric acid.

The reproducibility of the SBA/Nb/HpCo—CPE was eval-
uated using four similar electrodes. The cyclic voltammograms
were made using 9.8 mmol-L~' of oxalic acid and the

@ Springer



Journal of Sol-Gel Science and Technology

. . . 210
Fig. 11 Simultaneous analysis / 150
via differential pulse p / 120
. . 80 4 260 4128
voltammetry for oxalic and uric 1 %
acids using the SBA/Nb/ pmol L1 pmol Lt < w0
HpCo—CPE, in phosphate buffer 150 e
-1
(0.1 mol-L N pH 6) and KC1 98 . y =-10.540 +0.035x
Imol.L ™' and v=20mV-s™'; A 120 4 R =0.9881
linear correlation between oxalic < O o0 2000 3000 4000
; : = [Oxalic Acid] (umolL")
acid concentration and peak o
current intensity; B linear = 901 % B
correlation between uric acid i
concentration and peak current 60 "
intensity g
o 60
304 -
30
/ y =-2.050 +0.704x
T T A T T 0 R =0.9903
0.2 0.3 0.6 0.8 1.0 1.2
0 50 100 150 200 250 300
E (V) vs SCE [Uric Acid] (umolL™)

obtained standard deviation was 12.38%. In addition, the
SBA/Nb/HpCo—CPE was evaluated using one electrode and
9.8 mmol-L ™" of oxalic acid. The standard deviation for six
cycles, after 1 min of stirring and 2 min of rest, was 5.91%.

Taking into account the considerable oxidation peak
separation between the two analytes, simultaneous analyses of
oxalic and uric acids were also performed by differential pulse
voltammetry, using SBA/Nb/HpCo—CPE, KCI 1 mol-L ™! and
a scan rate of 20mV-s~'. The voltammograms, shown in
Fig. 11, exhibit an increase in peak current after consecutive
additions of oxalic acid and uric acid. Figure 11A shows the
linear correlation between peak intensity versus oxalic acid
concentration, within the range from 1456 to 4128 umol-L™";
whereas Fig. 11B presents the linear correlation for uric acid,
in the concentration range between 98 and 260 pumol-L ™.
Based on these linear regressions, in the presence of both
analytes, the sensitivities increased to 0.035 and
0.704 pA-L-umol ' for oxalic acid and uric acid, respectively.
In this way, the calculated LOD values in the simultaneous
evaluation of oxalic acid and uric acid have been decreased to
2.83 and 0.14 umol-L™", respectively. These results indicate
that the developed electrode (SBA/Nb/HpCo—CPE) allows the
simultaneous evaluation of oxalic acid and uric acid con-
centrations with high sensitivity.

4 Conclusions

A high surface area mesoporous SBA-15 silica material
with highly ordered and interconnected pore structure was
obtained and successfully modified with niobium oxide
(SBA/ND). Afterwards, a further modification with CoHp
was performed (SBA/Nb/HpCo). XRD and N, adsorption-
desorption isotherms show that the modified material
maintains the well-ordered pore structure as well as the
textural properties of the SBA-15 silica material. The
modified mesoporous material was used to manufacture a

@ Springer

CPE (SBA/Nb/HpCo—CPE), which was applied to the
evaluation of oxalic and uric acids by using cyclic vol-
tammetry and differential pulse voltammetry, in a wide
linear range of concentration. When compared with other
reported electrodes, the modified CPE developed in this
work presents the lowest LODs for uric acid. In addition, it
allows the simultaneous evaluation of both analytes with
high sensitivity, which makes it a very promising system for
its applicability as a sensor for oxalic and uric acids.

Acknowledgements The authors thank CMM (Centro de Microscopia
e Microanalise—UFRGS) and CNANO (Centro de Nanociéncia ¢
Nanotecnologia—UFRGS) for the use of microscope and XRD
equipment. The authors also thank the CBMM (Companhia Brasileira
de Mineragdo e Metalurgia), which provided the NbCls compound.

Funding The work was financially supported by CNPq (Conselho
Nacional de Desenvolvimento Cientifico e Tecnolégico, FAPERGS
(Fundagao de Amparo a Pesquisa do estado do Rio Grande do Sul)
and CAPES (Coordenagdo de Aperfeicoamento de Pessoal de Nivel
Superior).

Compliance with ethical standards
Conflict of interest The authors declare no competing interests.
Consent to participate All authors agree to participate in this work.

Consent for publication All authors agree on the content and its
publication.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. Zhao D, Feng J, Huo Q, Melosh N, Fredrickson G, Chmelka B,
Stucky G (1998) Triblock copolymer syntheses of mesoporous
silica with periodic 50 to 300 angstrom pores. Science
279:548-552



Journal of Sol-Gel Science and Technology

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Galarneau A, Cambon H, Renzo FD, Ryoo R, Choi M, Fajula F
(2003) Microporosity and connections between pores in SBA-15
mesostructured silicas as a function of the temperature of synth-
esis. N J Chem 27:73-79

. Gibson LT (2014) Mesosilica materials and organic pollutant

adsorption: part A removal from air. Chem Soc Rev 43:5163-5172

. Did6 CA, Caneppele CDG, Schneid AC, Pereira MB, Costa

TMH, Benvenutti EV (2018) Small gold nanoparticles with nar-
row size distribution achieved in SBA-15 pores by using ionic
silsesquioxane instead of thiol group as stabilizer and adhesion
agente. Micropor Mesopor Mater 270:48-56

. Did6 CA, Mass EB, Pereira MB, Hinrichs R, D’Oca MGM, Costa

TMH, Russowsky D, Benvenutti EV (2020) Heterogeneous gold
nanocatalyst applied in the synthesis of 2-aryl-2,3-dihy-
droquinazolin-4(1H)-ones. Colloids Surf A 589:124455

. AbouAitah K, Lojkowski W (2021) Delivery of natural agents by

means of mesoporous silica nanospheres as a promising anticancer
strategy. Pharmaceutics 13:143

. Tkachenko OS, Souza LV, Deon M, Becker EM, de Menezes EW,

Arenas LT, Benvenutti EV (2021) AgNP-decorated SBA-15 for
MWCNT paste modified electrode: a sensor for simultaneous
voltammetric determination of paracetamol and sulfamethoxazole.
Electroanalysis 33:29-37

. de Souza LV, da Rosa DS, Tkachenko OS, Gomes AA, Costa

TMH, Arenas LT, Benvenutti EV (2019) The role silica pore
structure plays in the performance of modified carbon paste
electrodes. Ionics 25:3259-3268

. Pessoa CA, Gushikem Y, Kubota LT (2001) Ferrocenecarboxylic

acid adsorbed on Nb,Os film grafted on a SiO, surface: NADH
oxidation study. Electrochim Acta 46:2499-2505

de Souza LV, Tkachenko O, Cardoso BN, Pizzolato TM, Dias
SLP, Vasconcellos MAZ, Arenas LT, Costa TMH, Moro CC,
Benvenutti EV (2019) Strategy to control the amount of titania
dispersed on SBA-15 surface preserving its porosity, aiming to
develop a sensor for electrochemical evaluation of antibiotics.
Micropor Mesopor Mater 287:203-210

Kondo JN, Hiyoshi Y, Osuga R, Ishikawa A, Wang Y-H, Yokoi T
(2018) Thin (single—triple) niobium oxide layers on mesoporous
silica substrate. Micropor Mesopor Mater 262:191-198
Umpierres CS, Prola LDT, Adebayo MA, Lima EC, dos Reis GS,
Kunzler DDF, Dotto GL, Arenas LT, Benvenutti EV (2017)
Mesoporous Nb,Os/Si0, material obtained by sol-gel method and
applied as adsorbent of crystal violet dye. Environm Technol
38:566-578

Sumiya S, Oumi Y, Sadakane M, Sano T (2009) Facile prepara-
tion of SBA-15-supported niobic acid (Nb,Os-nH,0) catalyst and
its catalytic activity. Appl Catal A 365:261-267

Arenas LT, Villis PCM, Arguello J, Landers, Benvenutti EV,
Gushikem Y (2010) Niobium oxide dispersed on a carbon ceramic
matrix, SiO,/C/Nb,Os, used as an electrochemical ascorbic acid
sensor. Talanta 83:241-248

Xu X, Tian B, Zhang S, Kong J, Zhao D, Liu B (2004) Electro-
chemistry and biosensing reactivity of heme proteins adsorbed on
the structure-tailored mesoporous Nb,Os matrix. Anal Chim Acta
519:31-38

Chen Z, Prosperi M, Bird VY (2019) Prevalence of kidney stones
in the USA: the National Health and Nutrition Evaluation Survey.
J Clin. Urology 12:296-302

Zhang D, Li S, Zhang Z, Li N, Yuan X, Jia Z, Yang J (2021)
Urinary stone composition analysis and clinical characterization of
1520 patients in central China. Sci Rep 11:6467

Dong X (2017) Study on detection methods for uric acid in bio-
logical samples. Int J Pharm Sci Res 8:926-929

Maiuolo J, Oppedisano F, Gratteri S, Muscoli C, Mollace V
(2016) Regulation of uric acid metabolism and excretion. Int J
Cardiol 213:8-14

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ensafi AA, Kazemzadeh A (2000) Flow injection spectro-
photometric determination of ultra trace amounts of oxalic acid.
Anal Chem 367:590-592

Khajehsharifi H, Pourbasheer E, Tavallali H, Sarvi S, Sadeghi M
(2017) The comparison of partial least squares and principal
component regression in simultaneous spectrophotometric deter-
mination of ascorbic acid, dopamine and uric acid in real samples.
Arab J Chem 10:S3451-S3458

Wu FW, He ZK, Luo QY, Zeng YE (1999) HPLC determination
of oxalic acid wusing tris(1,10-phenanthroline)ruthenium(II)
chemiluminescence-application to the analysis of spinach. Food
Chem 65:543-546

Li XL, Li G, Jiang YZ, Kang D, Jin CH, Shi Q, Jin T, Inoue K,
Todoroki K, Toyo'oka T, Min JZ (2015) Human nails metabolite
analysis: A rapid and simple method for quantification of uric acid
in human fingernail by high-performance liquid chromatography
with UV-detection. J Chromatogr B 1002:394-398

Zahavy E, Willner I (1996) Photoinduced electron transfer in eosin-
modified Co(II)-protoporphyrin IX reconstituted myoglobin and o-
or PB-hemoglobin subunits: photocatalytic transformations by the
reconstituted photoenzymes. J Am Chem Soc 118:12499-12514
Webb PA, Orr C, Camp RW, Olivier JP, Yunes YS (1997)
Analytical methods in fine particle technology. Micromeritics
Instrument Corporation, Norcross

Deon M, Caldas EM, Rosa DS, de Menezes EW, Dias SLP,
Pereira MB, Costa TMH, Arenas LT, Benvenutti EV (2015)
Mesoporous silica xerogel modified with bridged ionic silses-
quioxane used to immobilize copper tetrasulfonated phthalocya-
nine applied to electrochemical determination of dopamine. J
Solid State Electrochem 19:2095-2105

Pessoa CA, Gushikem Y (2001) Cobalt porphyrins immobilized
on niobium (V) oxide grafted on a silica gel surface: study of the
catalytic reduction of dissolved dioxygen. J Porphyr Phthalocya
5:537-544

Ribeiro ES, Dias SLP, Gushikem Y, Kubota LT (2004) Cobalt (II)
porphyrin complex immobilized on the binary oxide SiO,/Sb,0;:
electrochemical properties and dissolved oxygen reduction study.
Electrochim Acta 49:829-834

Pottier RH, Kennedy JC, Chow YFA (1988) The pKa values of
hematoporphyrin-IX as determined by absorbance and fluores-
cence spectroscopy. Can J Spectr 33:57-62

Lucho AMS, Oliveira EC, Pastore HO, Gushikem Y (2004) 3-n-
Propylpyridinium chloride silsesquioxane polymer film-coated
aluminumphosphate  and  adsorption  of  cobalt(Il)tetra-
sulphophthalocyanine: an electrocatalytic oxidation study of
oxalic acid. J Electroanal Chem 573:55-60

Chollier MJ, Epron F, Lamy-Pitara E, Barbier J (1999) Catalytic
oxidation of maleic and oxalic acids under potential control of
platinum catalysts. Catal Today 48:291-300

Zhou Y, Tang W, Wang J, Zhang G, Chai S, Zhang L, Liu T
(2014) Selective determination of dopamine and uric acid using
electrochemical sensor based on poly(alizarin yellow R) film-
modified electrode. Anal Methods 6:3474-3481

Brett AMO, Brett CMA (1996) Eletroquimica Principios, Méto-
dos e aplicagoes. Almeida, Coimbra

Currie LA (1995) Nomenclature in evaluation of analytical methods
including detection and quantification capabilities (IUPAC
Recommendations 1995). Pure Appl Chem 67:1699-1723
Fakhari AR, Rafiee B, Ahmar H, Bagheri A (2012) Electro-
catalytic determination of oxalic acid by TiO, nanoparticles/
multiwalled carbon nanotubes modified electrode. Anal Methods
4:3314-3319

Shang L, Zhao F, Zeng B (2013) Electrodeposition of PdAu
alloy nanoparticles on ionic liquid functionalized graphene film
for the voltammetric determination of oxalic acid. Electro-
analysis 25:453-459

@ Springer



Journal of Sol-Gel Science and Technology

37.

38.

39.

40.

41.

42.

43.

44,

Raoof JB, Chekin F, Ehsani V (2015) Palladium-doped meso-
porous silica SBA-15 modified in carbon-paste electrode as a
sensitive voltammetric sensor for detection of oxalic acid. Sens
Actuators B 207:291-296

Ma L, Zeng Q, Zhang M, Wang L, Cheng F (2016) Direct
determination of oxalic acid by a bare platinum electrode con-
trasting a platinum nanoparticles-modified glassy carbon elec-
trode. J Experim Nanosci 11:1242-1252

Rostami S, Azizi SN, Ghasemi S (2017) Preparation of an efficient
electrocatalyst for oxalic acid oxidation based on Ag-doped ZSM-
5 nanozeolites synthesized from bagasse. J Electroanal Chem
788:235-245

Kesavan L, Kalekar AM, Damlin P, Kvarnstrom C (2019)
Reduced graphene oxide supported palladium nano-shapes for
electro-oxidation of oxalic acid. J Electroanal Chem 847:113167
Nagarajan RD, Sundramoorthy AK (2019) One-pot electro-
synthesis of silver nanorods/graphene nanocomposite using 4-
sulphocalix[4]arene for selective detection of oxalic acid. Sens
Actuators B 301:127132

Dodevska T, Shterev I (2020) Electrochemical non-enzymatic
sensing of oxalic acid based on PdPt-modified electrodes: appli-
cation to the analysis of vegetable samples. Monatsh Chem
151:495-504

Omar MN, Salleh AB, Lim HN, Tajudin AA (2016) Electro-
chemical detection of uric acid via uricase-immobilized graphene
oxide. Anal Biochem 509:135-141

Zhang X, Zhang Y-C, Ma L-X (2016) One-pot facile fabrication
of graphene-zinc oxide composite and its enhanced sensitivity for
simultaneous electrochemical detection of ascorbic acid, dopa-
mine and uric acid. Sens Actuators B 227:488-496

@ Springer

45.

46.

47.

48.

49.

50.

S1.

Wang J, Yang B, Zhong J, Yan B, Zhang K, Zhai C, Shiraishi Y,
Du Y, Yang P (2017) Dopamine and uric acid electrochemical
sensor based on a glassy carbon electrode modified with cubic Pd
and reduced graphene oxide nanocomposite. J Colloid Interfac Sci
497:172-180

Rahman MM, Lopa NS, Ju MJ, Lee J-J (2017) Highly sensitive
and simultaneous detection of dopamine and uric acid at graphene
nanoplatelet-modified fluorine-doped tin oxide electrode in the
presence of ascorbic acid. J Electroanal Chem 792:54—60
Aparna TK, Sivasubramanian R, Dar MA (2018) One-pot synth-
esis of Au-Cu,O/rGO nanocomposite based electrochemical sen-
sor for selective and simultaneous detection of dopamine and uric
acid. J Alloy Compd 741:1130-1141

dos Santos PL, Katic V, Toledo KCF, Bonacin JA (2018) Pho-
tochemical one-pot synthesis of reduced graphene oxide/prussian
blue nanocomposite for simultaneous electrochemical detection of
ascorbic acid, dopamine, and uric acid. Sens Actuators B
255:2437-2447

Lal R, Bhatti MA, Shahzad G, Tahira A, Panhwar M, Lal B,
Nafady A, Ibupoto ZH (2021) Chemically coupled multiwall
carbon nanotubes with leaf-like nanostructures of NiO for sensi-
tive and selective determination of uric acid. J Electron Mater
50:2852-2859

Erdogan ZO, Kucukkolbas: S (2021) Fabrication of an electro-
chemical biosensor based on Fe;O, nanoparticles and uricase
modified carbon paste electrode for uric acid determination.
Monatsh Chem 152:309-314

Yang M, Wang H, Liu P, Cheng J (2021) A 3D electrochemical
biosensor based on Super-Aligned Carbon NanoTube array for
point-of-care uric acid monitoring. Biosens Bioelectr 179:113082



Materials Research Bulletin 177 (2024) 112835

MATERIALS
RESEARCH
BULLETIN

Contents lists available at ScienceDirect

Materials Research Bulletin

ELSEVIER

journal homepage: www.elsevier.com/locate/matresbu
Research Papers ' :.)
Application of NiFe,O4 nanoparticles towards the detection of ovarian

cancer marker

I. Maghianif‘, L.V. Souza ?, L. Bach-Toledo ", A.M. Faria®, P.P. Ortega‘, R.A.C. Amoresi >, A.
Z. Simoes ™, T. Mazon >’

@ School of Engineering and Sciences, Sao Paulo State University (UNESP), Guaratinguetd, Sao Paulo, Brazil

b Centro de Tecnologia da Informagao Renato Archer, CTI, Rod. D. Pedro I, KM 143.6, 13069-901 Campinas, SP, Brazil

¢ Center for Development of Functional Materials (CDMF), Federal University of Sao Carlos (UFSCar), Sao Carlos, Sao Paulo, Brazil

4 Federal University of ABC (UFABC), Center for Engineering, Modeling and Applied Social Sciences, Av. Dos Estados, 5001, 09210-580, Santo André, SP, Brazil

ARTICLE INFO ABSTRACT

Keywords: In this work, we explored the potential application of NiFe,04 magnetic nanoparticles in sensing platforms due to
Nanostructures their cost-effectiveness and good magnetic properties. The spinel-type metal oxide was prepared using the
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conventional hydrothermal synthesis method. The structural, morphological, and magnetic properties of the as-
synthesized NiFe;O4 nanoparticles were discussed. The nanoparticles were functionalized with cystamine,
glutaraldehyde, and PVDF and then modified with the CA 125 antibody to obtain the immunosensor. FTIR and
electrochemical analyses reveal immobilization of the antibody on the surface of the NiFe,O4 magnetic nano-
particles. The immunosensor developed in this work was made on a printed circuit board, allowing it to be used
as a point-of-care device. The immunosensor showed excellent stability, reproducibility, specificity, and selec-
tivity. Our findings are of great significance for developing novel, high-performance point-of-care electro-
chemical biosensors to be applied in detecting the CA 125 antigen, a widely used biomarker for the prognosis of
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ovarian cancer.

1. Introduction

Ovarian cancer (OC) is one of the most lethal gynecological diseases
and the fifth leading cause of death in women [1]. Family history stands
out among the relevant risk factors, while obesity and hormone
replacement therapy pose moderate risks. Recent studies show that the
5-year survival rate in early stages (I and II) is around 90 %, dropping to
20-40 % in advanced ones (III and IV) [2]. This decrease is due to the
absence of specific symptoms, often leading to a late diagnosis. Poor
prognosis in advanced stages is mainly related to the resistance of cancer
cells to conventional chemotherapy [1]. Therefore, screening ovarian
cancer in an early stage can enhance treatment success and increase the
survival rate [3]. The CA 125 antigen is a widely used biomarker for the
prognosis of ovarian cancer. It is a mucin, that is, it is a surface antigen
on a high molecular weight glycoprotein, expressed in OC epithelial
cells, tissues of the mesothelial cells of the tubes, endometrium, and
endocervical epithelium. Also, it is found in the blood of patients with
ovarian cancer, being present in more than 90 % of patients with
advanced epithelial OC (stage II, III, and IV) and 50 % of patients with

* Corresponding authors.

early OC stages [4]. Studies indicate that while acceptable levels of CA
125 in the body are less than 35 U/mL (units per milliliter), about 82 %
of women with ovarian cancer in advanced stages have a higher level of
CA 125 in the blood. In comparison, only 1 % of healthy women have
concentrations exceeding 35 U/mL [5,6]. Despite disagreements about
the direct or indirect role of CA 125 in diagnosing OC [7,8], existing
results demonstrate a connection between high levels of this biomarker
and OC [5,6], showing that the presence of CA 125 indicates this disease.
Therefore, the development of accurate and rapid analytical methods for
the detection of CA 125 is essential.

Ultrasound is one of the most traditional methods for ovarian cancer
detection, which can be Transabdominal Ultrasound (UTA) or Trans-
vaginal Ultrasound (UTV). In this technique, the diagnosis is via images
through the observation of irregularities in the vaginal canal, cervix,
uterus, fallopian tubes, and ovaries. However, the method has limita-
tions, such as the low energy of the sound wave, which can prevent its
penetration through bones and specific organs, and the reduction of
image resolution as the sound beam penetrates deep tissue layers [9].
Given this, ultrasound is insufficient for a reliable early diagnosis due to
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Fig. 1. (a) Schematic illustration of the synthesis of the NiFe,O4 NPs; (b) Preparation of NiFe,O4 electrode; (c) Immunosensor fabrication process for the CA

125 detection.

its limited sensitivity and inability to provide specific and functional
information [10]. As a result, alternative methods for early screening
have been studied in the specialized literature. In this sense, biosensors
emerge as a low-cost technology for fast and accurate diagnosis since
they have specificity, detection speed, and portability [11]. Depending
on their transduction method and biorecognition molecule, there are
several categories and subcategories of biosensors. The main trans-
duction methods for detecting cancer biomarkers are the electro-
chemical, optical, and gravimetric [12]. Different materials have been
tested as biosensors for the CA 125 protein detection. For example,
Gasparotto et al. [13] developed an electrochemical biosensor based on
ZnO nanorods (NRs)-Au nanoparticles (NPs) hybrids via the hydro-
thermal and sputtering methods and built on glass substrates with gold
electrodes and silver counter electrodes. The authors reported good
reproducibility, stability, and high sensitivity due to the ZnO NRs-Au
NPs nanohybrid matrix, which provides an appropriate surface for the
immobilized anti-CA 125 antibody, preserving its active sites. Attia et al.
[14] developed an optical biosensor consisting of a thin film of Ni-Pc
doped on a PS matrix for the CA 125 antibody detection, resulting in a
highly sensitive biosensor. In another work, Abou-Omar et al. [15] built
an optical biosensor based on a thin sol-gel film containing gold nano-
particles coated with Schiff-based ligands quickly and precisely to detect
the CA 125 biomarker. Li et al. [16] used the hydrothermal method to
synthesize an electrochemical biosensor based on molybdenum disulfide

supported on a metal-organic framework (CuBTC@MoS3) decorated
with gold nanoparticles (AuNPs), which exhibited an excellent electro-
chemical performance with fast ions and electrons transferring and
excellent specificity.

Electrochemical biosensors based on nanomaterials stand out due to
their high sensitivity, specificity, simplicity, and inherent miniaturiza-
tion, which make them low-cost and allow a fast analysis [13]. Several
nanomaterials, especially nanostructures of semiconductor oxides, can
be used as matrices for the immobilization of biomolecules for electro-
chemical biosensors since they have a high surface-to-volume ratio
combined with electron transport properties, high catalytic efficiency,
and good adsorption capacity [17]. Nickel ferrite (NiFe;O4) nano-
structures are promising for biosensing applications since their surfaces
are susceptible to the immobilization of biomolecules. Bimetallic oxides
have been widely investigated in bioanalysis, electrocatalysis, and gas
sensing due to their intrinsic mixed valence, drastically improving their
conductivity and catalytic activity. Nickel ferrite (NiFe3O4, or NFO) is a
ceramic material with an inverse spinel-type crystalline structure, low
magnetic coercivity, chemical stability, mechanical hardness, and
excellent electrochemical performance [18]. In addition, among other
magnetic materials, it has relatively high electrical resistivity and
reasonable costs, which allow a wide variety of applications in various
electronic devices [18]. Different methods have been employed in the
literature to synthesize NiFe;O4, such as solid-state reaction, sol-gel,
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conventional and microwave-assisted hydrothermal synthesis, precipi-
tation, combustion, chemical reduction, and others [19]. Among these
methods, the conventional hydrothermal synthesis yields powders with
high purity, high crystallinity, average particle size from 3 nanometers
to micrometers depending on the synthesis parameters (time, tempera-
ture, pH, etc.), narrow particle distribution, and good stoichiometric
control at low temperatures. Particle size and morphology can be
controlled by changing synthesis parameters. Conventional hydrother-
mal synthesis also presents an excellent cost-benefit ratio, as it involves a
closed system (without environmental problems) and with high energy
efficiency. Another essential advantage of hydrothermal synthesis is that
the purity of the obtained powders significantly exceeds the purity de-
gree of the starting materials. This occurs because hydrothermal crys-
tallization is a self-purification process, during which the growth of
crystals/crystallites tends to reject the impurities present in the growth
environment [20-24]. Therefore, manipulating the surface of NiFe,04
nanostructures to produce more selective and sensitive biosensors can
enable significant advances in screening diseases that are difficult to
detect by conventional methods.

In this work, we aim to fulfill two objectives: to comprehend (i) the
mechanisms associated with magnetism on NiFe;O4 nanoparticles and
(ii) the mechanisms behind detecting the CA 125 antigen for the early
diagnosis of ovarian cancer using electrochemical biosensors. Thus, we
report a well-controlled synthesis of NiFe;O4 nanoparticles using the
conventional hydrothermal (CH) synthesis. We discussed the structural,
morphological, and magnetic properties of the as-synthesized NiFesO4
nanoparticles. Our findings are of great significance for developing
novel, high-performance electrochemical biosensors for the CA 125
antigen detection, a widely used biomarker for ovarian cancer
prognosis.

2. Experimental procedures
2.1. Synthesis of the NiFe;04 nanoparticles

NiFe;O4 nanoparticles (NPs) were synthesized using the conven-
tional hydrothermal (CH) synthesis method, as illustrated in Fig. la.
First, iron III citrate (99 % purity, Sigma Aldrich) and nickel nitrate
hexahydrate (99 % purity, Exodo Cientifica) were dissolved in deionized
water in separated beakers at 80 °C and under constant magnetic stir-
ring. Then, the two solutions were transferred to a single beaker and
homogenized. After that, a basic medium (NaOH, ~ 6 M) was slowly
added to the solution, under constant stirring, until pH 12 was reached.
The resulting solution was poured into a Teflon autoclave, which was
sealed and inserted into a conventional hydrothermal synthesis furnace
at 150 °C for 24 h. After the synthesis, the autoclave cooled to room
temperature naturally. The resulting suspension was washed four times
(three minutes at 7000 rpm) with deionized water, neutralizing the pH.
A final wash was performed with ethanol. Then, the red/brown pre-
cipitate was dried in an oven at 150 °C for 16 h and subsequently ground
into a fine powder using an agate mortar.

2.2. Preparation of the NiFey04 electrode

The electrochemical sensor board was constructed on a commer-
cially available 0.8 mm-thick printed circuit board (PCB). The PCB is
composed of FR-4 woven fiberglass and a flame-retardant epoxy resin.
The PCB contains three electrodes with an ENIG (Electroless nickel
immersion gold) surface finish. The working electrode (WE) and the
counter electrode (CE) were made of gold from the ENIG surface finish,
and the reference electrode (RE) was of silver/silver chloride (Ag/AgCl)
deposited by screen printing. To prepare the RE, a silver/silver chloride
ink was deposited along with heat treatment at 60 °C. The WE was
modified with the as-synthesized NiFe;O4 NPs, as illustrated in Fig. 1b.
For this, 0.01 g of the NiFe;O4 NPs were added to a 50 % glutaraldehyde
(Glut) solution and kept under constant stirring overnight. After that,
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5% m/m of polyvinylidene fluoride (PVDF) was added to the NiFe,04/
Glut mixture. The PVDF was used as a plasticizer to improve the fixing
process of the NiFe;04 NPs on the working electrode. At the same time,
the WE was incubated with 20 mM Cystamine dihydrochloride (Cys)
(Sigma Aldrich) at 120 °C for 15 min. Finally, 5 pL of the NiFe,04/Glut
emulsion was deposited onto the Cys-WE and incubated at 60 °C for 24 h
to promote the crosslinking with the amine-terminated monolayer.

2.3. CA 125 immunosensor preparation

The anti-CA 125 antibody (Abcam, Cambridge, MA, USA) was
immobilized onto the surface of the NiFe;04 NPs using a solution con-
taining 20 mM Cys-and 2.5 % Glut (Fig. 1c). The antibody was diluted in
buffered phosphate saline (PBS) at pH 7.4 to a concentration of 1:1000.
Then, a 25 pL aliquot of this antibody/PBS solution was dropped on the
working electrode’s surface and incubated overnight at 4 °C inside a
humid chamber. After incubation, 30 uL of BSA 1 % (bovine serum al-
bumin) was dropped on the working electrode’s surface and incubated
for 30 min at room temperature to avoid nonspecific reactions with
other proteins.

2.4. Characterization methods

X-ray diffractometry (XRD) was carried out in a DMax/2500 PC
(Rigaku) instrument to investigate the phase of the nanoparticles, using
CuKoa radiation (A = 1.5406 10\) from 20° to 70° A confocal Raman
spectrometer (T64000, Horiba) with an exposure time of 30 s, accu-
mulation of 10 spectrums, and laser source of 633 nm was used to
characterize the NiFe,O4 powder. The morphology of the NiFeyO4
nanoparticles was investigated using a model Mira 3 Tescan field-
emission gun scanning electron microscope (FEG-SEM) operated at an
acceleration voltage of 5 kV for SE detector with energy-dispersive X-ray
spectroscopy (Brookfield) and 30 kV for STEM detector. Fourier-
transform infrared (FTIR) spectroscopy was performed using an atten-
uated total reflectance (ATR) accessory of the Perkin Elmer model
Spectrum 100 spectrometer. The FTIR spectra were recorded in trans-
mission mode in the 650 — 4000 cm ™! range to investigate the nature of
the chemical bonds formed during the immunosensor preparation.

Dot Blot assays were used to test the specificity of the CA recombi-
nant antibody-antigen binding. Two microliters of the CA 125 recom-
binant protein were dotted onto a nitrocellulose membrane. The dots
were made with 1.5 pg.mL™! and 0.15 pg.mL™}. The membrane was
then incubated overnight at 4 °C with a 1:5000 anti-CA125 antibody.
The blots were subsequently incubated with an HRP-conjugated sec-
ondary antibody, and immunoreactive dots were used with the
enhanced chemiluminescence method.

2.5. Electrochemical measurements

Electrochemical measurements were performed using a portable
potentiostat Sensit Smart (Palm Sens) instrument connected to a laptop
via the PSTrace software. The analytical responses of the immunosensor
were evaluated by electrochemical measurements using cyclic voltam-
metry (CV) and Differential Pulse Voltammetry (DPV). The assays were
performed by scanning the potential from —0.5 to 0.5 V at the scan rate
of 100 mV.s ! and recorded in an electrolytic solution of 10 mmol.L™?
K3[Fe(CN)gl/ K4[Fe(CN)g] and a KCl solution (0.1 M) as mediator.
Electrochemical impedance spectroscopy was realized in Open Circuit
Potential (OCP) with 64 different potential frequencies from 50,000 to 1
Hz with an amplitude of 0.01 V applied. The immunosensors’ repro-
ducibility, repeatability, calibration curve, selectivity, and specificity
were evaluated. The calibration curve of the immunosensor was per-
formed by incubating with CA 125 isolated molecules in different con-
centrations (from 8.5 to 70 U/mL) for 10 min at room temperature,
followed by washing with PBS buffer. Selectivity and specificity were
performed by incubating the CA 125 immunosensor with Albumin or
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Fig. 2. XRD pattern (a) and Raman spectrum (b) of the NiFe,O4 nanoparticles.

VEGF-A. The concentrations of albumin and VEGF-A were 3.5 g/dL and
0.1 ng.mL ™}, respectively.

3. Results and discussion
3.1. Characterization of the NiFe;04 nanoparticles

Fig. 2a depicts the XRD pattern of the NiFe;O4 nanoparticles syn-
thesized via the conventional hydrothermal method. All diffraction
peaks were indexed according to the JCPDS 89-4927 form [25], and no
peaks associated with secondary phases were found, confirming the
formation of a pure NiFe,O4 phase. The main diffraction peaks are
located at ~36° (311), ~63° (440), and ~30° (220), corresponding to
the cubic spinel structure. It is worth noting that the XRD pattern shows
a higher crystallinity of the NiFe;O4 nanoparticles compared to other
results in the literature, which also frequently exhibit secondary phases
[26-31]. The absence of secondary phases can be attributed to the high
energy supplied to the system in the conventional hydrothermal reactor,
causing the atoms to move with greater intensity, making it difficult to
form a secondary phase and thus favoring the formation of the desired
phase [24]. According to Vinaykumar et al. [32] and Kombaiah et al.
[25], a better crystallization for NiFe;O4 can be achieved via calcina-
tion, though temperatures as high as 1000 °C are required.

Scherrer’s equation was used to calculate the average crystallite size
(D) of the NiFe,04 nanoparticles, as shown in Eq. (1):

D = K2/pcos6 (¢}

where K is the Scherrer constant (0.94), 4 is the wavelength (1.5406 10\), B
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is the full-width at half maximum (FWHM) for (311), and 6 is the Bragg
angle for (311). The estimated crystallite size from Eq. (1) was 6.2 nm,
indicating the sample is nanometric. Also, it is possible to calculate the
interplanar spacing for the (311) (d(s11)) peak using Bragg’s equation
(Eq. (2)):

dny = A/2sinb 11 2

The interplanar spacing estimated from Eq. (2) for the (311) reflec-
tion was 2.511 A, which agrees with the reported values in the literature
[33,34].

Raman spectroscopy was carried out to investigate the phase and
short-range structural disorder of the crystals (Fig. 2b). NiFe304 has an
Fd3m space group in which half of the Fe®' cations are located on
tetrahedral A-sites. In contrast, the rest of Fe®t and Ni®" cations are
distributed over the octahedral B-sites [35]. Among the possible vibra-
tional groups for NiFeOy, five of them are Raman active (A;g + Eg + 3
Tag). Octahedral and tetrahedral modes can be distinguished in the
Raman spectrum by their Raman shift: vibrational modes below 600
cm ! generally correspond to the movement of oxygen atoms in MOg
octahedra, while those above it correspond to the movement of oxygen
atoms in MOy tetrahedra. The Raman modes at about 200, 330, 500,
580, and 700 em~! were assigned to the Tog (1), Eg, T2 (2), T2g (3), and
Ajg modes, which are in agreement with the literature [36-38], con-
firming the formation of the spinel structure of NiFe,O4 without sec-
ondary phases. The inversion level of the structure and the laser
wavelength are known to cause minor shifts in the position of these
modes [37,39]. Also, the broader nature of the modes indicates some
level of disorder in the short range. The Ajg mode is assigned to the

b)

Magnetization (emu/g)

—— NiFe,0, - 10K
—— NiFe,0, - 300K

Magnetic Field (T)

Fig. 3. Magnetic hysteresis curves of the NiFe;04 nanoparticles at 0 K and 300 K (a) and zoomed section containing the magnetic properties.
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Table 1

Magnetic properties of the NiFe,O4 nanoparticles at 10 K and 300 K.
Temperature M, (emu/g) M; (emu/g) H. (T)
10K 23.4 59.7 0.03
300 K 9.3 55.5 0.01

symmetric stretching of O in MO4 and E to the bending of O concerning
the metal in MO4 [35]. The three T2y modes were attributed to the
asymmetric bending of oxygen (Tag (1)), asymmetric stretching of Ni-O
or Fe-O (T2 (2)), and translational movement of tetrahedra (T2 (3))
[36].

Fig. 3 shows the Bvs. M curves measured at 10 and 300 K in the —3 T
< B < 3 T magnetic field range. The saturation magnetization (Ms),
remaining magnetization (Mr), and coercive field (Hc) were obtained
from the hysteresis loops and are shown in Table 1. The zoomed section
in Fig. 3b highlights the central region of the hysteresis loop (—0.3T < B
< 0.3T). The M; did not change significantly with temperature, but the
M; and H, decreased about 60 % upon increasing the temperature from
10 K to 300 K. Such decrease is expected and well reported in the
literature, ascribed to the dominance of thermal activation energies over
exchange interactions [40]. At 0 K, the shape of the hysteresis loop in-
dicates that the NiFe304 NPs are ferromagnetic. At 300 K, the opening of
the hysteresis loop reduced, yet it did not completely disappear; there-
fore, it should not be indicative of superparamagnetic behavior [41].
Moreover, small variations of the saturation magnetization values as a
function of measuring temperature can be explained by the exchange
interaction between tetrahedral and octahedral sub-lattices occupied by
Ni2" ions on both the A- and B-sites.

The hopping process between iron and nickel ions of variable
oxidation states at oxygen sites is desirable in biosensors. In this inverse
spinel structure, a magnetic dipole is induced when a magnetic field is
applied, and there will be a net alignment of magnetic moments. After
removing the external magnetic field, the magnetic nanoparticles
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randomly orient and return to their ground state. The random orienta-
tion of the spins can cause high analytical signals and sensitivity in
biosensors by enhancing mass transport, leading to more electroactive
interaction sites.

The morphology of the NiFe;O4 powder was investigated through
SEM. Fig 4 (a—c) indicates that the particles have an irregular shape with
variable sizes. We can see small nanoparticles, with sizes around 10-20
nm, randomly distributed on the surface of the particles with sizes
around 2 um. The growth of the NiFe;O4 in the conventional hydro-
thermal synthesis suggests that the concentration of OH™ in the reaction
medium leads to an increase in the effective contact between nuclei,
reducing the total energy of the system and suppressing the crystal
growth for oriented crystallization. Unlike most wet synthesis tech-
niques, which usually use conductive heating, conventional hydrother-
mal synthesis is a self-purification process during which the growth of
crystals/crystallites tends to reject the impurities in the growth envi-
ronment. That results in multiple nucleating sites, which avoids crystal
overgrowth and tends to form fine nanoparticles. The NiFe;O4 NPs were
deposited onto the WE using cystamine and glutaraldehyde as linkers to
evaluate their performance towards immobilizing the anti-CA 125
antibody. Fig. 4d and 4e show the micrographs of the WE, revealing the
formation of a uniform and homogeneous NiFe,Oy4 film. The spherical-
shaped particles in Fig. 4d are attributed to the PVDF added during
the powder deposition onto the WE to ensure the film’s stability. The
images show that modifying the electrode surface with cystamine,
NiFe;04, glutaraldehyde, and PVDF resulted in a stable film, providing
an excellent surface to immobilize the anti-CA125 antibody.

The NiFe;04 powder was characterized by energy dispersive spec-
troscopy (EDS) analysis to map the presence of nickel, iron, and oxygen
in the sample (Table S1 and Fig. S1). From Table S1, the NiFe;O4 ma-
terial presented 48 wt% iron, 28 wt% nickel, and 23 wt% oxygen,
proving the formation of the NiFe;O4. Elemental mapping also confirms
that the sample contains iron (purple), oxygen (green), and nickel (red).
These results corroborate with the XRD and Raman results regarding the

Fig 4. SEM and STEM images of the (a, b, ¢) NiFe;O4 nanoparticles and the (c, d) NiFe,Oy4 film on the working electrode.
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Fig. 5. ATR-FTIR spectra of NiFe,O4 and CA 125 immunosensor.

preparation of nanoparticles with the composition NiFe;O4.
Fourier-transform infrared spectroscopy (FTIR) was performed to

assess the immobilization of the anti-CA 125 antibody on the surface of

the NiFey04 immunosensor (Fig. 5). The absorption spectrum in the
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infrared region of the NiFe;O4 nanoparticles shows bands at 1550 cm ™2,
attributed to H—O—H bending vibration modes due to adsorbed H20 on
the surface of the nanoparticles [42]. The absorption band at 1390 cm !
is attributed to the stretching vibration of N—O in nitrate ions, indi-
cating the presence of nitrates in the sample [43]. Due to our FTIR in-
strument’s limitation, the spectrum region below 650 cm™! (generally
assigned to the stretching vibration of metal-oxide bonds (Fe—O,
Ni—O)) was not investigated. Regarding the immunosensor spectra, two
absorption bands at 1656 and 1582 cm ! are observed, which can be
attributed to the amide groups I and II of the antibody protein [44].
Thus, this confirms the immobilization of the anti-CA 125 antibody on
the surface of the NiFe;O4 immunosensor. The other bands in the
spectrum are related to the chemical interaction of the antibody with
Cys, Glut, and PVDF, which are used in the immobilization process of the
antibody on the surface of the electrode [45-46].

3.2. CA 125 immunosensor characterization

The anti-CA 125 antibody was immobilized on the NiFe;O4 surface
by adding 20 mM Cys and 2.5 % Glut. This step used Cys as a cross-
linking agent between the carbonyl (C—=0) and hydroxyl (O—H) groups
from the prepared Glut-modified NiFe,O4 WE with the aldehydic
groups. The aldehydic groups from Glut are highly reactive and can form
covalent bonds with the amine group from the anti-CA 125 antibody.

1000
—— CA125 immunosensor )
——NiFe,0,4 sensor a b)
800
1.5 U.mL?
< 600+ >
=
€
L 400+ 0.15 U.mL?
=
=]
O
200
04
T T T T
-0,4 -0,2 0,0 0,2 0,4
E (V)

Fig. 6. (a) Differential Pulse voltammograms (DPVs) were obtained for different bare-sensor boards. In black, DPV represents the bare board sensor and red
immunosensor. All CVs were performed in the presence of K3[Fe(CN)gl/K4[Fe(CN)g] (10 mM) in KCI (0.1 mol.L 1), with a scan rate of 100 mV.s"'. (b) Dot

blot analysis.
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Fig. 7. The Nyquist plot (a) and the corresponding Randles circuit (b).
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Table 2

Values of the equivalent circuit fitting for the experimental data from Fig. 7.
Samples Rs (Q) Cdl (F) Ret (kQ)
NiFe,04_Cys 81.27 9.900E-6 15.9
NiFe;04_Cys_Glu 70.26 7.900E-6 14.1
NiFe;04_Cys_Glu_AB_BSA 50.00 1.450E-5 0.665
Detection antigen 75 U/mL 15.80 5.000E-6 0.200

To prove the immobilization of the anti-CA 125 antibody on the
NiFe,O4 WE through Cys and Glut, differential pulse voltammogram
(DPV) analyses (Fig. 6a) were performed for the NiFe;O4 sensor and
NiFe;O4 sensor containing the anti-CA 125 antibody (named CA 125
immunosensor). A decrease in the anodic peak current (Ipa) of around
30 % occurs with the addition of the anti-CA 125 antibody. The smallest
Ipa value for the CA 125 immunosensor can be attributed to the insu-
lating characteristics of the antibody. These results prove that the anti-
CA 125 antibody was efficiently immobilized onto the NiFe,O4 surface.
Another fundamental issue in obtaining electrochemical immunosensors
is ensuring the capacity of the specific anti-CA125 antibody to link
specifically with the CA 125 isolated molecules. In this work, the ability
of the anti-CA 125 antibodies to bond specifically with the CA 125
molecule was first proved via a dot blot assay performed for two
different concentrations of antigen (1.5 U/mL and 0.15 U/mL). The dot
blot results show the presence of dots for both concentrations tested,
indicating that the anti-CA 125 antibody can effectively detect the CA
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125 isolated molecule (Fig. 6b).

All impedance measurements were carried out at open circuit po-
tential (OCP); under these conditions, the resistance to electron transfer
decreased after each surface modification step (Fig 7). The NiFeyO4
electrode shows capacitive behavior without resistance to charge
transfer [47]. The random orientation of the spins can enhance mass
transport, leading to more electroactive interaction sites. The decrease
of the resistance in the presence of the CA125 antibody can be explained
by the positively charged amino groups in this protein. The redox probe
([Fe(CN)6]4’/ [Fe(CN)6]3’) with a negative charge is attracted by the
positive charge of the CA 125 antibody, increasing its concentration
close to the electrode surface (double layer electrical). The conductivity
at the electrode surface increases (resistance decreases) regardless of the
additional antibody mass on the electrode. The electrochemical exper-
imental data were fitted (Table 2) to a modified Randles equivalent
circuit consisting of the solution resistance (Rs), the charge transfer
resistance (Rct), and Cdl is a constant-phase element (CPE) describing
the double layer capacitance.

The stability of the CA 125 immunosensor was tested by performing
five consecutive voltammograms (Fig. 8a) by CV. The immunosensor
showed excellent stability with a variation coefficient of 4.42 %. The
first scan was not considered for the variation coefficient calculation
because the system is entering equilibrium. The CA 125 immunosensor
reproducibility was also analyzed by CV in triplicate, obtaining a vari-
ation coefficient of 9.79 % (Fig. 8b), indicating the excellent
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Fig.8. (a) Five consecutive CVs of CA 125 immunosensor demonstrating immunosensor stability. (b) VC representing three different CA 125 immunosensors showing
reproducibility of immunosensors. Electrochemical measurements were performed in the presence of K3[Fe(CN)g]/K4[Fe(CN)g] (10 mM) in KCI (0.1 rnol.L’l), with a
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Fig. 10. CA 125 immunosensor incubated with PBS containing BSA (red line)
and VEGF-A (blue line). All DPVs were performed in the presence of K3[Fe
(CN)6l/K4[Fe(CN)e] (10 mM) in KCI (0.1 mol.L’l), with a scan rate of 100
mV.s~ L

reproducibility of our immunosensor.

3.3. Immunosensor response to CA 125

The WE was incubated at room temperature for 60 min with CA 125
isolated molecules in different concentrations (8.5 to 70 U/mL). This
concentration range was chosen considering the reference value of CA
125 in serum, which is 35 U/mL. The calibration curve obtained by DPV
of the CA 125 immunosensor is shown in Fig. 9. The peak current value
rises as the CA 125 concentration increases, indicating an increase in the
density of negative charge in the immunosensor due to the CA 125
isolated molecules, showing a negative charge density. The correlation
coefficient (R%) obtained from the calibration curve was ~0.94, and the
limit of detection (LOD) was less than 8.5 U/mL. These values indicate
that NiFe;Oy4 is an excellent new material for detecting CA 125 antigen
in the human body.

3.4. Specificity and selectivity of the immunosensor

The selectivity and specificity of the immunosensor were tested
against Albumin (BSA) and VEGF-A, respectively (Fig. 10). Albumin is
the main protein present in human serum, and it could be an interferent
component during the immunosensor measurements. VEGF-A is a pro-
tein found in the human body and its concentration increases during
inflammatory processes and cancer. So, the cross-reaction of the CA 125
immunosensor with these two components present in human serum
should be avoided to ensure the selectivity and specificity of the test.
Fig. 10 shows no increase in Ipa in the presence of 3.5 g.dL~! Albumin
(the optimum concentration of Albumin present in human serum) or 0.1
ng.mL*1 VEGF-A (the reference value of VEGF-A in the human serum).
An increase of the Ipa is observed just in the presence of the CA 125
antigen, evidencing the excellent selectivity and specificity of the
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immunosensor.

The results obtained were compared with other studies of different
biosensors for the CA 125 detection, as shown in Table 3. The advantage
of the biosensor developed in this work is that it is the only one made on
a printed circuit board, a cheaper technology than the ones used in other
sensor bases. Furthermore, it presented a LOD within the levels for
detection of deregulated CA 125, and the correlation coefficient ob-
tained through the calibration curve was 0.94, being close to other
values reported in the literature. Therefore, NiFe;O4-based immuno-
sensor is a promising device for detecting CA 125.

4. Conclusions

NiFe;O4 magnetic nanoparticles were synthesized using the con-
ventional hydrothermal synthesis method and applied as a working
electrode in electrochemistry sensing platforms to detect CA 125, a
biomarker of OC. The as-synthesized NiFe;0O4 nanoparticles crystallized
in the spinel-type structure without secondary phases. Although the
NiFe;04 nanoparticles are agglomerated, the deposition in the WE using
cystamine and glutaraldehyde as linkers ensures the formation of a
uniform, homogeneous, and stable NiFe;O4 film. The immobilization of
the anti-CA 125 antibody on the NiFe;O4 sensor board was proved by
FTIR and CV results. The variation coefficient of the reproducibility of
the immunosensor was 9.79 %. The immunosensor showed a low limit of
detection (LOD) (less than 8.5 U/mL) with a correlation coefficient (R?)
around 0.94. The immunosensor showed excellent selectivity in the
presence of Albumin (the main protein of the serum) and specificity
against VEGF-A (another cancer biomarker). The immunosensor devel-
oped in this work was made on a printed circuit board, allowing it to be
used as a point-of-care device. The low LOD, excellent selectivity, and
specificity indicate that NiFe;O4 nanoparticles are an excellent new
material for detecting CA 125 antigen in the human body.
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