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Abstract: The development of sensitive and selective analytical devices for monitoring glucose
levels (GLU) in biological fluids is extremely important for clinical diagnostics. In this work, we
produced a new composite based on NiFe,O4 and multi-walled carbon nanotubes (MWCNT), called
NiFe;,O4@MWCNT, to be applied as a non-enzymatic amperometric sensor for GLU. Both NiFe,Oy
and NiFe,O4@MWCNT composites were properly characterized by XRD, SEM, FTIR, and Raman
spectroscopy, which confirmed that the composite was successfully prepared. A glassy-carbon elec-
trode (GCE) modified with NiFe,O4,@MWCNT was investigated by cyclic voltammetry and applied
for the amperometric GLU detection using batch-injection analysis (BIA). A linear working range
between 50 and 600 umol L~! GLU with a significant increase in sensitivity (3-fold) in comparison
with MWCNT/GCE was verified, with a detection limit of 36 pmol L~!. Inter-electrode measure-
ments (n = 4, RSD = 10%) indicated that the sensor fabrication is reproducible. Furthermore, the
proposed non-enzymatic sensor was selective even in the presence of other biomarkers found in
urine. When applied to synthetic urine samples, recovery levels between 84 and 95% confirmed
analytical accuracy and the absence of sample matrix effect. Importantly, the developed approach is
simple (free of biological modifiers), fast (77 injections per hour), and practical (high-performance
tool), which are suitable features for routine analyses.
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1. Introduction

Diabetes Mellitus (DM) is one of the most common diseases in the world, and its
diagnosis is based on the detection of glucose (GLU) in biological fluids, such as urine,
saliva, and blood [1]. As diabetes is a chronic disease, the level of glucose in biological
fluids needs to be measured frequently to ensure patient health, and this control can be
performed by colorimetric [2] and electrochemical methods [3]. Electrochemical methods
are mostly used because they offer quick response, high sensitivity, stability, and a simple
operation process [3,4].

The first enzymatic sensor for GLU was developed in 1960 [4], and this type of sensor
is the principal method for determining GLU. These sensors are based on an enzymatic
reaction, mainly using glucose oxidase (GOXx) that reacts with GLU, generating gluconic
acid and hydrogen peroxide, involving the consumption of oxygen [5-7]. Monitoring
either oxygen consumption or generated products by an electrochemical method enables
indirect GLU sensing [4,8]. However, enzymatic sensors present disadvantages, such as
low stability, difficulty in storage, and dependence on temperature, pH, and humidity,
which decrease the enzyme’s catalytic activity [9]. For this reason, non-enzymatic sensors
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for GLU detection are gaining attention, and their development has increased exponentially
due to advancements in nanotechnology.

Different nanomaterials have been employed as electrode modifiers to provide selec-
tive and sensitive GLU sensors. Metal oxides [10] and hydroxides [11], transition metals [12],
metal-organic framework (MOF) derived materials [13], spinel cobaltite [14], and ferrite
materials [15] have been investigated in the development of electrochemical sensors for
GLU. Nickel-based materials have shown interesting features for GLU detection because
the analyte interacts with Ni**, becoming adsorbed on the Ni(OH), surface, which is the
first step of the process in the formation of the NiOOH/Ni(OH); pair, responsible for the
GLU oxidation in alkaline medium [16,17].

Spinel ferrites have been recently highlighted as a new class of materials with great
potential for electrochemical sensing [18,19]. On the other hand, spinel ferrites showed
powerful catalytic properties for the detection of target species in biological matrices
without requiring the combination with enzymes or other biological agents [20]. They offer
additional advantages, including biocompatibility, low production cost, low toxicity, high
conductivity, and ferromagnetic properties [21-23]. Moreover, NiFe,O4 presents a stable
crystalline phase, which increases the stability of the material during the synthesis and
application. This is a crucial advantage when compared to other materials, such as Ni(OH),,
in the development of non-enzymatic sensors for GLU. The Ni(OH); species can present
an unstable phase that may affect the sensor stability. Furthermore, NiFe,O4 also presents
a fast charge transfer process due to the presence of Ni*? and Fe>" in octahedral and
tetrahedral sites. This organization facilitates electron transfer because it occurs through a
hopping process [24].

In this context, one strategy to develop high-performance electrochemical sensors
involves the association of different inorganic materials, like those previously mentioned,
with carbon nanomaterials to enhance the sensing properties towards the detection of sev-
eral analytes, including GLU [16]. The formation of composites with carbon nanomaterials
improves catalyst stability and generates a more homogenous distribution of the catalyst
on the modified substrate, which proportionally improves sensing properties due to better
access to the catalyst sites. Moreover, carbon nanomaterials, such as carbon nanotubes
(CNTs), present high electrical conductivity that improves the charge transfer constant,
which can lead to the development of enhanced sensors [25].

Electrochemical studies using composites of spinel ferrites with CNTs or other carbon-
based nanomaterials as modifying agents have been applied for sensing various molecules
using mainly voltammetric techniques [22,26-28]. However, an interesting technique for
monitoring GLU is amperometry [29], which can be easily coupled to high-throughput
analytical systems, such as batch-injection analysis (BIA) [30,31]. The BIA system provides
fast, sensitive, low cost and portable analysis [30]. Because of these features, BIA has
been employed as a powerful analytical tool for the determination of environmental and
clinical molecules [32,33]. Moreover, the association of BIA with a non-enzymatic sensor
can provide a promising analytical approach for GLU sensing, especially using NiFe;Oy, a
material with admirable electrochemical properties [6].

Herein, we demonstrate that a composite formed by NiFe,O4 and multi-walled CNTs
(MWCNTs) can be easily immobilized on a glassy-carbon electrode (GCE) surface by drop-
casting, and the modified electrode presents outstanding amperometric sensing properties
for GLU. First, we present the step-by-step electrode construction and its characterization,
which guided us in the development of this enzymeless GLU sensor. Nickel ferrites were
one-pot synthesized by a hydrothermal method, then combined with MWCNTs, and
then immobilized on a GCE surface. The electrode was coupled to a batch-injection cell
for amperometric GLU sensing. Batch-injection analysis with amperometric detection
(BIA-AD) was selected due to its practicability and ease of implementation in routine
analyses [30]. The high-speed injection provided by an electronic micropipette provides
increased sensitivity in comparison with steady-state amperometric measurements [34].
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2. Materials and Method
2.1. Reagents, Solutions, and Samples

Highly pure deionized water (R > 18 M(Q) cm) obtained from a Millipore Direct-
Q3 system (Bedford, MA, USA) was used to prepare all aqueous solutions. Iron nitrate
nonahydrate (98% w/w), MWCNTs (95% w/w) and uric acid (99% w/w) were purchased
from Sigma-Aldrich (Steinheim, Germany), nickel nitrate heptahydrate (97% w/w), sodium
hydroxide (85% w/w) and urea (99% w/w) from Dinamica (Sao Paulo, Brazil), trisodium
citrate and ascorbic acid from Malinckrodt (St. Louis, USA) and GLU (99.5% w/w) from
Henrifarma (Sao Paulo, Brazil).

The standard solutions of GLU, urea, ascorbic acid, and uric acid were prepared in
supporting electrolytes (1.0 mol L~! NaOH). The synthetic urine was prepared as reported by
Brooks and Keevil [35], which contains citric acid (2.1 mmol L™1), uric acid (0.4 mmol L),
urea (166.5 mmol L™1), sodium bicarbonate (25.0 mmol L), calcium chloride (0.4 mmol L~1),
sodium chloride (89.0 mmol L), sodium sulfate (9.9 mmol L™1), magnesium sulfate
(4.1 mmol L~1), ammonium chloride (24.3 mmol L~1), ammonium chloride (24.3 mmol L),
sodium nitrite (0.7 mmol L™!), and disodium phosphate (9.0 mmol L~!). The pH value of
this synthetic urine sample was approximately 6.4.

2.2. Synthesis and Characterization of NiFe;Oy

NiFe,O4 samples were synthesized using the hydrothermal coprecipitation method
based on the work of Kurian et al. (2021) [36]. For synthesis, Fe(NO3)3.9H,0O (20 mmol L1
and Ni(NOj3),.5H,0 (10 mmol L~ 1) were used in proportion 2:1, respectively, in 100 mL
deionized water. Trisodium citrate (0.15 mol L™!) and NaOH (2 mol L™!) were also
used as surfactant and precipitant agents, respectively. The precursors Fe(NOs3)3.9H,0O
and Ni(NO3),.5H,0 were added to the Teflon cup with deionized water and kept under
constant stirring for 5 min. After, trisodium citrate was added, and the solution was kept
under constant stirring for 15 min. After this time, the NaOH solution was added until
the solution pH reached 12.0. This final solution was transferred to a Teflon-lined stainless
steel autoclave and kept at 200 °C for 16 h. The obtained material was washed with water
and isopropyl alcohol, centrifuged, and dried for 24 h at 70 °C in a stove.

The crystalline phase of NiFe,O4 was investigated by X-ray diffractometry (XRD)
collected in a Shimadzu XRD6000 diffractometer (40 kV, 30 mA) with CuK« radiation
(A =1.5418 A). The measurements were made at a scan rate of 0.5° min—! and 260 angles
between 10° and 70°. The morphology of NiFe,O4 samples was investigated by scanning
electron microscopy (SEM) images collected in a Tescan VEJA 3 LMU microscope operating
at 10 kV. The materials were also investigated by Energy-dispersive spectroscopy (EDS)
using an Oxford detector (model INSCA X-CTA). The NiFe,O4 samples were evaluated by
Fourier-transform infrared spectroscopy (FTIR) with a PerkinElmer spectrometer, model
Spectrum Two, in attenuated total reflectance (ATR) mode with a Csl detector. Measure-
ments were performed using 16 cycles from 500 to 4000 cm~!. The NiFe;O,@MWCNT
composite was also characterized by Raman spectroscopy with a HORIBA spectrometer,
model LabRAM HR Evolution, and an OSD Syncerity detector. The measurements were
made with a laser set at 532 nm.

2.3. Preparation of NiFe;O4,@MWCNT5 Suspension and Modification of the GCE Surface

The suspension was prepared by dispersing 5 mg of MWCNT in dimethylformamide
(DMF) using an ultrasonic tip of high frequency for 15 min, and after this, 5 mg of NiFe,Oy
was added, and the suspension was sonicated again for 15 min. Before modification, the
GCE surface was polished in alumina slurry. Subsequently, the GCE surface was modified
with 10 pL of the NiFe,O4@MWCNTs suspension and dried in a stove for 30 min at 50 °C.
After drying, the electrode surface was washed with water, and the electrode was ready
for use.
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2.4. Electrochemical Measurements

All electrochemical measurements (cyclic voltammetry (CV) and BIA-AD) were per-
formed with a pi-AUTOLAB type III AUT85340 potentiostat/galvanostat (Metrohm Autolab
BV, Utrecht, The Netherlands) controlled by Nova 2.4. software. The electrochemical analy-
sis was conducted at room temperature (26 & 2 °C) in the presence of dissolved oxygen
using 1.0 mol L~! NaOH solution (pH 14) as the supporting electrolyte. The BIA-AD
analysis was performed in a BIA-cell (internal volume of 200 mL) with a working elec-
trode in wall-jet configuration, in which the injections were made using an Eppendorf
electronic micropipette (multipette® E3) at a programmable dispensing rate. No stirring of
the solution was required during the amperometric measurements. In both experiments
(CV and BIA-AD), a miniaturized Ag| AgCl|1KCl,) and platinum wire electrode were
used as the reference and auxiliary electrodes, respectively. The working electrode was
an unmodified GCE disc (6.5 mm diameter) and modified with the NiFe,O,/MWCNTs
suspension (NiFe,O,@MWCNTs/GCE).

3. Results and Discussion
3.1. Characterization of NiFe,Oy and NiFe,O4,@MWCNT Composite

The FTIR spectra of NiFe;O4 and MWCNT samples are shown in Figure 1A. The
spectrum of NiFe,Oy reveals a band at 556 cm ™! that corresponds to the Fe-O bond in the
tetrahedral site, which is characteristic of NiFe;Oy [37]. The bands at 1363 and 1578 cm ™!
correspond to the carboxyl (COO™) group from metallic carboxylates [38,39]. The band
at 1363 cm~! corresponds to the asymmetric vibration of the C-O bond, and the band
at 1578 cm~! corresponds to the symmetric vibration of the C=O bond. The presence of
these bands is explained by the formation of complexes between metal ions and citrate
during the synthesis process [38,39]. The band at 3359 cm~! corresponds to the O-H bond
of water. The hydrothermal method is characterized by the reaction in the presence of
water as the solvent. Therefore, the presence of an O-H bond is attributed to the solvent
used in the synthesis. During the hydrothermal reaction with the coprecipitation method,
the reaction mechanism is divided into three phases. The first step is the formation of
complexes between metallic ions (Fe** and Ni?*) and citrate, forming metallic complexes.
This step occurs during the coprecipitation method, before the hydrothermal reaction.
These complexes are decomposed during the hydrothermal reaction at high temperatures,
forming hydroxides, characterizing the second step of the reaction [38,39]. The third step
is the conversion of hydroxide to nickel ferrite. Therefore, the presence of peaks assigned
to the carbon species can be related to residual species from the synthesis that were not
decomposed during the reaction process.

The FTIR spectrum of MWCNT exhibits characteristic bands indicative of functional-
ized materials. The features observed at 3402 and 3275 cm ™! indicate the presence of O-H
stretching attributed to the carboxylic groups. The features observed at 1606 and 1098 cm ™!
correspond to C=0 and C-O stretching, respectively, which can also be attributed to the
carboxylic groups. Moreover, it is possible to notice typical features of MWCNT at 1521 and
1098 cm ™! corresponding to C=C stretching and -CH bend vibration, respectively [40,41].

The NiFe,O4 sample was characterized by X-ray diffraction to confirm the crystalline
phase of the material and its crystallinity. Figure 1C shows the diffractogram that shows
the peaks at 18.47° (111), 30.35° (220), 35.65° (311), 37.30° (222), 43.37° (400), 57.39° (511),
and 63.08° (440) [42]. These peaks can be related to the cubic phase of the NiFe;Oy4
(PDF 86-2267), with space group Fd-3m (no. 227). The crystallite size was calculated by
the Scherrer equation, and the value of 5.5 nm was found. Furthermore, the absence of
characteristic peaks of NiO and FeO reveals that the material does not contain impurities or
a phase mixture. The intensity and profile of peaks are the results of the high temperature
used in the synthesis because they offer energy for the rearrangement of atoms in the
crystal lattice, resulting in more defined crystallographic planes [43,44]. Therefore, we can
conclude that the hydrothermal treatment was efficient in obtaining the NiFe;O4 samples
with high crystallinity.
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Figure 1. (A) FTIR spectra of MWCNT (black line) and NiFe,O4 (red line); (B) Amplified FTIR
spectrum of MWCNT; (C) XRD patterns of synthesized NiFe;Oy4 through coprecipitation method
with hydrothermal treatment at 200 °C for 16 h; (D,E) SEM images of NiFe,O, synthesized by 200 °C
for 16 h.

The sample’s morphology of NiFe,O4 was analyzed by SEM (Figure 1D,E). The image
shows particles with different sizes and morphology. The lack of uniformity of the material
is associated with the growth and nucleation process that dictates the morphological char-
acteristics and size of the materials synthesized by the hydrothermal method [45,46]. The
growth and nucleation processes influence the morphology and size of particles because
during the synthesis process, the first step is nucleation, which influences the size of parti-
cles, and the second step is the growth process that occurs by mass transfer [46]. In this way,
the difference in the size of NiFe,O4 particles occurs because the mass transfer is uneven
throughout the synthesis process. Moreover, Figure 1D shows that the particles are agglom-
erated due to the interactions between the magnetic dipoles of the material [47,48]. This
behavior is common due to the ferromagnetic properties of the materials [49]. Figure S1A
presents the SEM image of the NiFe;O4@MWCNT composite, which shows large NiFe;Oy4
particles and some agglomerated particles spread over the MWCNT structure (the presence
of MWCNT is not clear in the composite because of the difference in scale resolution as
NiFe, Oy particles are much larger than MWCNTs). This behavior is confirmed by analyzing
the separate images of NiFe,O, (Figure 1D) and MWCNT (Figure S1B). Figure S1B presents
the SEM image of MWCNT, which presents the well-known morphology of interconnected
tubular structures (“spaghetti-like structure”) [50,51].

An EDS analysis was performed to confirm the presence of nickel, iron, oxygen, and
carbon in synthesized materials. Figure S2 presents the spectra for the NiFe,O4, MWCNT,
and NiFe,O4@MWCNT composite, respectively. These spectra confirmed the presence of
common elements in these materials. Figure S2C reveals the presence of carbon from the
MWCNT as well as the presence of nickel and iron from NiFe;Oy.

Furthermore, the structure of NiFe,O4,@MWCNT composite was characterized by Ra-
man spectroscopy. Figure 2 displays the Raman spectra for MWCNT (black line), NiFe,O4
(red line), and NiFe,O,@MWCNT (blue line). The MWCNT spectrum presents bands at
1340, 1576, and 2600 cm ™! that correspond to D, G, and 2D bands, respectively [52]. The D
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band is related to the carbon bond and the loss of symmetry of the graphene lattice due to
the carbonaceous impurities with sp> bonds and broken sp? bonds at the sidewalls. The
G band refers to carbons with sp? hybridization [52]. The 2D band also corresponds to
carbons with sp? hybridization, and your intensity is proportional to the number of walls
in graphene [53,54]. The NiFe;Oy4 spectrum presents five bands at 330, 485, 558, 692, and
1340 cm ™!, with symmetry Eg, Tog(1), Tog(2), A1g(1), and Aqg(p), respectively [55]. The bands
of 330 to 558 cm ! correspond to the metal-oxygen bond (Fe-O) in the octahedral site [55],
while the band at 692 cm ™! refers to the metal-oxygen bond (Fe-O) in the tetrahedral
site [56]. Therefore, the bands at lower wave numbers are related to metal-oxygen bonds
in octahedral sites, whereas the bands at high wave numbers are related to metal-oxygen
bonds in tetrahedral sites. The band at 1340 cm ™! corresponds to the presence of the
carboxyl group (COO™) [57], which was also verified by FTIR. The NiFe,O,@MWCNT
spectrum presents all bands referring to NiFe,O, and MWCNT, confirming the presence of
these materials in the synthesized composite.

5 NiFe,0,@MWCNT
m

>,

=

2 NiFe,0,
o b
it

=

2D pig MWCNT]

10I00 ZOIOO SOIOU 4000
Wavenumber / f.:m'1

Figure 2. Raman spectra for MWCNT (black line), NiFe,Oy4 (red line), and NiFe,O4@MWCNT
(blue line).

3.2. Electrochemical Behavior of NiFey;Oy and Its Voltammetric Response for GLU

The electrochemical behavior of NiFe,O4,@MWCNT/GCE in an alkaline medium and
its potential response to GLU was studied by cyclic voltammetry. Figure 3 exhibits the elec-
trode response for increasing concentrations of GLU, blank experiment (1.0 mol L~! NaOH,
pH 14.0) followed by the additions of 2, 6, and 10 mmol L~! GLU. The 1.0 mol L~! NaOH
was chosen as the supporting electrolyte because the alkaline medium facilitates the forma-
tion of the NiOOH species, which increases the sensitivity of electrochemical sensors for
GLU determination, as described elsewhere [58].

It is possible to observe an increase in the current response when the GLU concen-
tration increases, which indicates that the NiFe,O4@MWCNT composite contributes to
the electrocatalytic oxidation of GLU in an alkaline medium. The negligible response was
obtained on unmodified GCE or only in the presence of MWCNTs, which confirms the
action of NiFe,O,4 within the composite.
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Figure 3. Cyclic voltammograms were obtained on NiFe,O4@MWCNT/GCE after additions of 2, 6,
and 10 mmol L~! GLU. CV conditions: scan rate of 50 mV s~! and step potential of 5 mV. Supporting
electrolyte: 1.0 mol L~! NaOH.

The role of NiFe,Oy4 on the electrochemical oxidation of GLU can be explained by
discussing the mechanism of the electrochemical process of NiFe,Oj in an alkaline medium,
which can be presented as [16,59]:

NiFe,O4 + HyO + OH™ <> NiOOH + 2 FeOOH + e~

The NiOOH species is supposed to be responsible for promoting the electrocatalytic
oxidation of GLU [60,61]. In alkaline media, the Ni%* reacts with OH™ radical, forming
NiOOH. Subsequently, the NiOOH interacts with hydroxyl groups of GLU, promoting
hydrogenation and conversion of GLU to gluconolactone [62], and Ni®*, in turn, is reduced
back to Ni2* (Ni**/Ni?*) as follows [63]:

NiOOH + glucose <> Ni(OH); + glucolactone

In addition, NiOOH also contributes to water oxidation in an alkaline medium since
the formed NiOOH is deprotonated, generating NiO(OH), which is a negatively charged (or
proton-deficient) surface species responsible for the increased oxygen evolution activity [54].
Furthermore, the presence of iron may favor the oxygen evolution reaction to occur at lower
potentials due to the formation of mixed Ni-Fe oxyhydroxide species [64]. Importantly,
no redox signal from Ni%* /Ni** was observed because the NiFe,O4 concentration in the
composite is low [17,60].

3.3. Amperometric Study of NiFe;O4,@MWCNT/GCE Using BIA-AD System

The performance of NiFe;O4@MWCNT/GCE for GLU sensing was evaluated using
the BIA-AD method to achieve low detection levels of GLU like those found in biological
fluids and demonstrate its applicability. The experimental parameters (applied potential,
injection volume, and dispensing rate) were systematically evaluated using 100 pmol L~?
GLU (n =3). The study of the applied potential (from +0.5 to +1.0 V) (Figure S3A) shows that
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its increasing led to an increase in current. However, despite the highest potential (+1.0 V)
showing the highest current, a greater deviation between the injections was observed. For
this reason, +0.9 V was chosen for the amperometric detection of GLU since it exhibits a high
current and a low deviation between the injections. The other two parameters, injection
volume (from 50 to 300 uL) (Figure S3B) and dispensing rate (from 34.5 to 299 uL s
(Figure S3C), were also investigated. The chosen injection volume was 250 uL because, in
larger volumes, such as 300 pL, there was no considerable increase in current referring to
GLU oxidation. At smaller injection volumes, the current signal was lower than the one
obtained using 250 uL. The dispensing rate was also evaluated, and 299 L s~! was the
selected condition. This dispensing rate value was chosen because it offered the highest
current compared to the other rates evaluated. Figure S3C shows that the low dispensing
rate led to a low current for GLU oxidation. This behavior occurs because the current is
proportional to the mass transfer provided by the BIA system. Hence, the higher the flow
rates (or dispensing rates), the higher the current.

To compare the analytical performance of both NiFe,O4,@MWCNT/GCE and MWCNT
/GCE, calibration curves were constructed using GLU concentration levels between 50 to
600 umol L~! (Figure S4A,B). Slope values of 0.054 and 0.018 pA L pmol ! were found
when NiFe, O4,@MWCNT/GCE (red line) and MWCNT/GCE (black line) electrodes were
used, respectively (see the respective curves in Figure 54C). Therefore, the presence of
NiFe, 0y in the composite increases the sensitivity (3-fold), showing that NiFe,Oy acts as a
catalyst for GLU oxidation. This increased sensitivity in the presence of NiFe;Oy is due to
the previously discussed mechanism, in which NiOOH mediates the GLU oxidation. The
current response observed on MWCNT /GCE was not expected as MWCNTs do not present
electrocatalytic action towards GLU oxidation; however, MWCNTs may contain metallic
impurities (catalysts used to obtain MWCNTs) that affect the electrochemistry of MWCNT-
modified electrodes. The MWCNTs used in this work were previously characterized [65];
although MWCNTs were functionalized using concentrated acid solutions, residual metallic
oxides may still be present and can be responsible for the electrocatalytic oxidation of GLU,
as shown in Figure S4. Nevertheless, the presence of NiFe,Oy particles in the composite is
essential to promote the highly sensitive detection of GLU.

The precision of the modification process was assessed through inter-electrode studies
(n = 4) using 300 umol L' GLU (Figure S5A). A relative standard deviation (RSD) value of
10% was found, suggesting that the surface modification with NiFe;O4@MWCNT/GCE
composite is reproducible. Repeatability using the same electrode was also checked with
ten consecutive measurements under the same GLU level (300 umol L), as shown in
Figure S5B. An RSD value of 2% was found, which confirms the precision of the method.
The analytical parameters, such as limit of detection (LOD), correlation coefficients, slope,
and intercept obtained for both modified electrodes, are listed in Table 1 [56]. The LOD
values were calculated based on the [UPAC definition [66].

Table 1. Analytical parameters were obtained for GLU detection using MWCNT/GCE and
NiFe; O4@MWCNT/GCE coupled to the BIA-AD system.

Analytical Parameters Electrodes .
MWCNT/GCE NiFe;,O4@MWCNT/GCE
12 0.98 0.99
Sensitivity (LAL pmol 1) 0.018 &+ 0.001 0.052 £+ 0.001
Intercept (HA) —0.012 2.094
LOD (umol L—1) 84 24

Table 1 shows the improved analytical features obtained by NiFe,O4,@MWCNT/GCE
from the amperometric response present in Figure S4C. In addition to the increase in
sensitivity (3-fold), a lower LOD was achieved (24 pmol L~1). The literature indicates that
the normal GLU levels in the blood range between 8.8 and 10 mmol L~1[67], and when the
level of this biomarker increases, its excess is eliminated in urine. In this way, considering
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that the GLU concentration in urine is within the mmol ! range, the detectability obtained
by the proposed electrode (24 pmol L) is feasible to determine GLU in urine samples.

After optimization of the BIA-AD conditions, calibration curves were obtained for GLU
concentrations between 50 and 900 umol L~! in ascending and descending orders using
NiFe,O,@MWCNT /GCE as the working electrode to study the memory effect (Figure 4A).
For the ascending curve (Figure 4B, black line), a slope value of 0.051 pAL umol ! was
obtained, while for the descending curve, a slope value of 0.053 AL pmol ! was achieved
(Figure 4B, red line). These results indicate that memory effect and surface fouling were
not pronounceable. Moreover, linearity was demonstrated in both cases by the correlation
coefficients for ascending curve (r> = 0.99) and descending curve (r* = 0.98).

501 (A)
40 4

§30-

201

il H cﬁm, "

i 7 ®B)

0 200 400 600 800 1000

2()'0(1 3000 40I(10 5000
[GLU] / pmol L1

Time /s

Figure 4. (A) BIA amperogram for injections (n = 3) of standard solutions of GLU: (a) 50; (b) 100; (c) 200;
(d) 300; (e) 400; (f) 500; (g) 600; (h) 700; (i) 800 and (j) 900 pmol L1 using NiFe,O,@MWCNT/GCE.
(B) Calibration curves and respective linear adjustments obtained for ascending (black line) and
descending (red line) orders. Supporting electrolyte: 1.0 mol L~! NaOH, potential applied: +0.9 V,
injection volume: 250 uL, and dispensing rate: 299 uL s~ 1.

3.4. Application of NiFe,O4,@MWCNT/GCE for the Determination of GLU in Synthetic Urine
Using the BIA-AD System

The NiFe,O4,@MWCNT/GCE was applied for GLU determination in synthetic urine
(200-fold diluted) spiked with GLU at two concentration levels (100 and 300 umol L.
The urine sample was diluted to reduce the sample matrix effect on the detection of GLU.
Figure 5 shows a calibration curve obtained with triplicate injections of standard solutions
of GLU followed by triplicate injections of the non-spiked and spiked urine samples. It
is possible to observe that the sample presented a small signal that was below the first
standard concentration value, so this analytical signal cannot be used to quantify GLU in
the sample. Since no GLU was added to the synthetic sample, this signal can be a result
of the sample matrix. Considering the spiked samples, acceptable recovery values were
obtained, 84% and 95% for urine spiked with 100 and 300 umol L~ GLU, respectively [68].
Based on this, the method presented satisfactory accuracy for the urine sample analysis.
Table 2 shows the results of the analysis of spiked synthetic urine using two concentrations
levels of GLU (100 and 300 umol L—1).

Since uric acid (UA), ascorbic acid (AA), and urea (U) are biomarkers commonly
found in urine samples [69], the influence of these species on GLU quantification was
properly evaluated. Moreover, the influence of inorganic salts (NaCl, NaHCOj3, and CaCl,)
present in urine samples was also verified. Figure 6 shows the response variation of
1.0 mmol L~ ! GLU in the presence of 0.1 mmol L1 UA, AA, U, NaCl, NaHCOj3 and
CaCl,. This experiment was evaluated under BIA-AD optimized conditions (conditions of
Figure 4). The concentrations of GLU and interferents were selected considering the typical
composition of urine samples [61].
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Figure 5. BIA amperogram for the analysis of urine obtained for triplicate injections of standard
solutions of GLU: (a) 50; (b) 100; (c) 200; (d) 300; (e) 400; (f) 500; and (g) 600 pmol L1 followed
by triplicate injections of sample solutions: (A) non-spiked and spiked urine samples (Ap;) with

100 umol L=! and (Agp) with 300 umol L~1. Supporting electrolyte: 1.0 mol L~! NaOH, potential
applied: +0.9 V, injection volume: 250 uL, and dispensing rate: 299 uL s~ 1.

Table 2. GLU concentrations and recovery values were obtained for the analysis of spiked synthetic urine.

Sample Spiked/umol L1 Found/pmol L1 Recovery/%

100 83.9 83.9
300 284.2 94.7

Synthetic urine

140 -

-

N

o
1

100

80 4

60 -

Relative response / %

GLU GLU GLU GLU GLU GLU GLU
+ + + + .
AA UA u CaCl,  NaHcO,  NaCl

Interfering species

Figure 6. Amperometric response variation (n = 3) of 1 mmol L' GLU in the presence of possible
interfering species (AA, UA, U, CaCly, NaHCO3, and NaCl) at 0.1 mmol L~1. Data obtained from
BIA-AD measurements under optimized conditions. The dashed lines represent the acceptable range
of variation in the relative response (£ 5 %).

It is possible to observe that only UA presented significant interference (around +28%);
therefore, a detailed individual study was carried out for this interference. Figure S6 shows
the impact of UA at different concentrations (from 0.05 to 0.1 mmol L~1) on the electrochem-
ical response of 1 mmol L~! GLU. Using 0.08 mmol L~! of UA, there was no significant
interference (variation lower than 3%). Under these conditions, NiFe,O,@MWCNT /GCE
can be used to detect GLU in urine samples due to its selectivity and sensitivity. In the
presence of high levels of UA, an interesting alternative would be to incorporate a Nafion
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membrane on the surface of our sensor, which has proven to be effective in eliminating UA
interference on the electrochemical response of GLU [70].

The analytical performance of NiFe,O4/MWCNT/GCE based on LOD and linear
range was compared with other non-enzymatic sensors reported in the literature for
GLU sensing (Table 3). It can be highlighted that the proposed sensor showed improved
performance, attested by the wider working range and better detectability. Importantly,
the sensor was precise, accurate, and successfully coupled to the high-throughput BIA
system (77 injections can be performed in one hour), thus confirming that the combination
of NiFe; Oy /MWCNT/GCE with BIA-AD is a valuable strategy for routine clinical analysis.

Table 3. Performance of NiFe;O,/MWCNT/GCE compared with other non-enzymatic electrodes.

Material LOD (umol L-1)  Linear Range (mmol L-1) Sample Type of Sensor Ref.

CoFe, 04 /Nickel foil 100 0.1-1.1 Blood Non-enzymatic [71]
CuO/NiO-C/CT 37 0.1-25 Human serum samples Non-enzymatic [72]
ZnFe,O4/ppy 100 0.1-8.0 Human serum samples Non-enzymatic [73]
Ni(OH), /AuNP/SPE 40 0.1-2.0 Artificial saliva samples Non-enzymatic [11]
CHIT/NiFe;O,/GCE - 0.1-20.0 - Enzymatic [7]
GOx-AC-NiFe,O4/CPE 1100.0 2.0-10.0 Blood sample Enzymatic [6]
NiFe,O4/CNTs 22 0.005-0.06 Juice samples Enzymatic [5]
NiFe,O4/CNTs 98.0 0.0-3.0 and 3.2-12.4 - Enzymatic [74]

NiFe,O,@MWCNT/GCE 24 0.05-0.6 Artificial urine Non-enzymatic This work

CuO/NiO-C: Metal oxide-carbon composite; CT: cello tape; ppy: polypyrrole; AuNP: gold nanoparticles; CHIT:
chitosan; GOx: glucose oxidase; CPE: carbon paste electrode; CNTs: carbon nanotubes; SPE: screen-printed
electrodes; MWCNT: multi-walled nanotubes; GCE: glassy-carbon electrode.

4. Conclusions

It was demonstrated that the composite formed by NiFe,O4 and MWCNT is a potential
material for developing non-enzymatic sensors for GLU. The synthesis of NiFe;Oy4 by
coprecipitation with hydrothermal treatment provided particles with high crystallinity
and no impurities. Detailed electrochemical studies using the NiFe,O,@MWCNT/GCE
showed the importance of the presence of NiFe,O4, which catalyzed the oxidation of
GLU and consequently improved the sensitivity for GLU sensing. It is important to note
that the proposed device provided suitable detectability for monitoring GLU levels in
biological fluids. Moreover, the sensor fabrication procedure is reproducible, considering
the reproducibility study for four different electrodes (RSD = 10%). When associated with
the BIA-AD system, it enabled satisfactory analysis of synthetic urine samples (recoveries
above 83.9%). In addition, the proposed sensor is free from interference of other biomarker
species present in urine. Therefore, it can be considered a useful alternative platform for
clinical studies aimed at monitoring GLU in biological fluids.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors12060112/s1, Figure S1: SEM images of (A) NiFe;O4
@MWCNT composite and (B) functionalized MWCNT; Figure S2: EDS spectrum of NiFe,O4 (A);
MWCNT (B) and NiFe;O4@MWCNT composite (C). Figure S3: Impact of the BIA-AD parameters
(A) applied potential, (B) injection volume, and (C) dispensing rate on the electrochemical response
of 100 pmol L~! GLU. Figure S4: Amperometric response using BIA-AD system for GLU injections
(n = 3) with concentrations of (a) 50; (b) 100; (c) 200; (d) 300; (e) 400; (f) 500 and (g) 600 pmol L~lon
the (A) MWCNT/GCE and (B) NiFe, O4@MWCNT/GCE electrodes. (C) Calibration curves obtained
from 50 to 600 pmol L~ GLU using NiFe,O,@MWCNT /GCE (red line) and MWCNT /GCE (black
line). Supporting electrolyte: 1.0 mol L~! NaOH, applied potential: + 0.9 V, injection volume: 250 pL
and dispensing rate: 299 pL s~ 1. Figure S5: (A) Reproducibility study (inter-electrodes, 1 = 4) using
300 umol L~ GLU with NiFe,O,@MWCNT/GCE coupled to the BIA-AD system. (B) Repeatability
study (intra-electrodes, n = 10) using 300 pmol L~! GLU with NiFe,O;@MWCNT/GCE coupled to
the BIA-AD system. Figure S6: Relative amperometric response for GLU (1.00 mmol L~1) before
(first bar named as GLU) and after the addition of UA at different concentrations (from 1.00 to
0.05 mmol L—1).
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