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Abstract: Nickel is naturally present in drinking water and many dietary items, which expose the
general population to nickel ingestion. This heavy metal can have a variety of harmful health
effects, causing allergies and skin disorders (i.e., dermatitis), lung, cardiovascular, and kidney
diseases, and even certain cancers; therefore, nickel detection is important for public health. Recent
innovations in the development of biosensors have demonstrated they offer a powerful new approach
over conventional analytical techniques for the identification and quantification of user-defined
compounds, including heavy metals such as nickel. We optimized five candidate nickel-biosensing
receptors, and tested each for efficiency of binding to immobilization elements on screen-printed
electrodes (SPEs). We characterized the application of nickel-detecting biosensors with four different
cultivated vegetables. We analyzed the efficiency of each nickel-detecting biosensor by potentiostat
and atomic absorption spectrometry and compared the results from the sample analytes. We then
analyzed the performance characteristics and responses of assembled biosensors, and show they
are very effective at measuring nickel ions in food, especially with the urease-alginate biosensor

2 and

affixed to silver SPEs, measured by cyclic voltammetry (sensitivity—2.1921 pA Mm ™! ecm™
LOD—0.005 mg/L). Given the many advantages of biosensors, we describe an optimization pipeline
approach to the application of different nickel-binding biosensors for public health, nutrition, and

consumer safety, which are very promising.

Keywords: antibodies; aptamers; synthetic receptors; biosensors; immobilization process; screen-
printed electrodes

1. Introduction

We are becoming increasingly aware of elements in the environment that affect human
growth, development, and health, through air, water, and food. As the global population
grows, increasing demands on drinking water and food supply require more efficient,
higher-throughput, and more cost-effective solutions to monitor food production systems
that ensure consumer safety. In addition to synthetic compounds, many naturally-occurring
elements can accumulate in production systems that, even at low concentrations, can have
chronic health effects [1-4]. Nickel (Ni) is an example case because it is a prevalent
element in the environment that is naturally found in water and food. It can enter the
body by inhalation, ingestion, and dermal absorption, and is known to cause a variety
of adverse health effects, including contact dermatitis, lung fibrosis, cardiovascular and
kidney diseases [5-7]. There is also evidence that some nickel compounds are carcinogens,
and have been linked to lung and nasal cancers [8]. Due to its widespread presence in
drinking water and food products, an alarming number of people face long-term exposure
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to Ni that can lead to health problems even at relatively low levels. This is a public health
matter that can easily be monitored with affordable and efficient testing.

The prevalence of nickel sensitivity varies from 4 to 13.1% in different countries, and
an estimated 12.8% of people worldwide have a nickel allergy [9,10]. Given the natural
prevalence of nickel and its effects on human health, measuring nickel consumption is
rather important. However, the precise measurement of daily nickel intake from food
and drink presents numerous technical challenges because the chemical form of nickel
determines how it enters the body. Health concerns over trace elements in foods such as
nickel have led to a growing interest in the development and deployment of biosensors for
applications in food analysis [11-17]. This novel enterprise involves coordination of knowl-
edge and practice in food chemistry, analytical chemistry, biochemistry, biotechnology, and
materials science, among other disciplines. For many reasons, biosensors are valuable tools
in the food industry because of the many applications for protecting consumer safety [18].

Traditional reference methods that measure total nickel content include flame atomic
absorption spectrometry (FAAS), graphite furnace atomic absorption spectrometry (GFAAS),
inductively coupled plasma optical emission spectrometry (ICP-OES), and mass spectrom-
etry (ICP-MS) [19-22]. These methods can detect Ni levels in food and water samples, and
require preconcentration or separation steps. Other methods used for nickel quantification
include spectrophotometric techniques (ultra-violet [UV]-visible absorption, photodiode
array), total reflection X-ray fluorimetry (TXRF), flow injection atomic absorption, and
electrochemical methods [5,23]. These methods, while functional, are restrictive because
they are time-consuming, costly, and require complex sample preparations and technical
expertise to operate [24].

Modern improvements in heavy metal detection employ electroanalytical methods
that include ion-selective electrodes, anodic stripping voltammetry (ASV), polarography,
and other voltammetric methods. These detection methods do not require preconcentration
or separation steps to analyze samples, and thereby reduce the preprocessing steps required
by traditional reference methods. Electrochemical sensors are instruments in which an
electrode is used as a transducer element. These have wide applicability for hazardous,
ecological, and environmental assessments in various industrial applications, such as
manufacturing, horticulture, medicine, biotechnology, quantitative analytics, and natural
products industries. Electrochemical biosensors present a significant number of advantages,
because they can identify specific targets with high selectivity and affinity. They are also
inexpensive to produce, have low toxicity, are easily chemically modified /labeled, can be
screened in vitro, yield accurate and reproducible data, and have a lack of immunogenic-
ity [25]. Two types of electroanalytical sensors commonly used to measure analytes are
potentiometric and amperometric sensors. These methods essentially convert the binding
of an analyte of interest into an electrical signal that is captured and quantified from a
sample. They can accomplish a wide range of analytical tasks that require rapid, sensitive,
and inexpensive detection and quantification by way of biochemical reactions that involve
the binding of molecules or elements [26]. The drawbacks to this technique are that they
can suffer from insensitivity to metal ion speciation; therefore, they may not be suitable for
many situations; they also require sample destruction, which may not be useful in some
applications. However, there are opportunities to improve these techniques and develop
methods that are more sensitive, accurate, and require minimal sample destruction [27].
Biosensors offer promise in this regard because they overcome the drawbacks of existing
methods, and given that they can detect metal ions without excessive sample destruction,
they hold potential for broader applications in the consumer food industry. Another benefit
of biosensors is that, although screen-printed electrodes immobilized with receptors are
single-use, they can be reformatted, reprinted, and reused.

While biosensors have many advantages over legacy techniques, the challenge in
developing biosensors is in finding the appropriate biologically-active element that selects
for a single component (a target analyte) from a matrix of compounds found in natural and
processed food products. Thus, the limitation in this application is that the analyte must be
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a known compound, with an architecture that a biosensor can be specially constructed to
detect. Biosensors also require selecting efficient methods for immobilizing bioreceptors
on surfaces of screen-printed electrodes (SPEs) to ensure that the biological elements are
affixed and intact; otherwise, if compromised, they will fail to detect target compounds in
sample analytes [28].

Currently, the broad array of selective recognition options for detecting metal ions
by synthetic receptors has attracted great interest for various applications. Synthetic
receptors (molecules with functional groups able to selectively interact with an analyte)
are more stable than biological ones, have a relatively low molecular weight, and bind
more efficiently to analytes [29]. Aptamer-based biosensors can recognize specific targets
for in vitro applications to detect heavy metals, and have been applied to detect biological
compounds such as malaria proteins [30,31].

Dimethylglyoxime (DMG) is the most widely-used synthetic ligand for nickel biosen-
sors [32,33]. It is used with Adsorptive Cathodic Stripping Voltammetry [34-36] and
Adsorptive Cathodic Square-Wave Stripping Voltammetry, producing dynamic ranges
for measurement of 3-12 ug/kg [37], 5-175 pg/kg [38], and 5.9-35.2 ug/kg [39]. Square
Wave Adsorptive Stripping Voltammetry has also been used for nickel detection with
nioxime (producing a dynamic range of 0.11-0.58 pg/kg [40]), and with nioxime and
hemisodium salt of N-[2-hydroxyethyl] and piperazine-N’-[2-ethanesulfonic acid] [41].
DNAzyme-CdSe nanocomposite has been used as a bioreceptor by differential pulse anodic
stripping voltammetry, obtaining a dynamic range of 1.173 pg/kg-11.73 mg/kg and a
low limit of detection (6.67 nM) [42]. With the same method, calconcarboxylic acid has
demonstrated a far greater range of detection (0.1-28 ug/kg) [43]. Other techniques use
potentiometry with biosensors such as Bacillus sphaericus MTCC 5100, yielding urease
enzyme [5], (E)-N’-Chlorobenzylidene-4-methylbenzenesulfonohydrazide [44], 2-hydroxy-
1-naphthylidene-N-cyanoacetohydrazone, and sodium diethyldithiocarbamate [45].

Aptamers are biological ligands that can fold into distinct secondary and tertiary
structures, and bind targets with high affinity (i.e., dissociation constants on the order
of nano- to picomolar). They can recognize their targets with high specificity, similar to
how binding between antibodies and antigens forms tight complexes [46]. Antibodies can
be utilized in biosensors because of the specific binding properties they exhibit. There
are five classes of antibodies based on structure and function, and among them, IgG
is most frequently used for heavy metal detection because of its high binding affinity
and specificity to metal species. Other biosensors utilize monoclonal, polyclonal, and
recombinant antibodies as ligands in receptors, dependent on the specific application. [47].
Biological ligands, including antibodies and aptamers, are part of the future of biosensor
developments because of their specificity for binding biologically-relevant compounds.

Here, we describe a biosensor technique to detect nickel ions by two voltammetric
methods, and discuss receptor optimization and immobilization of elements for analyte
discrimination using SPEs with biological and synthetic ligands. Our goal is to describe
biosensors for nickel detection with analytical results that characterize the applicability of
a heavy metal biosensor on different vegetable samples. The novelty of this work is the
potential adoption of biosensors for detecting heavy metals in food products, which have
immense applicative value in food production and public health. Most nickel biosensors
described to date have only been used to analyze the performance of sensors with aqueous
solutions, without practical applications to food analysis. The performance of biosensors
in food is important to quantify, because analyte concentrations vary in food items and
require useful detection and sensitivity limits.

2. Materials and Methods
2.1. Chemicals
We used the following commercial compounds and analytical reagents to construct

and characterize five biosensor variants for nickel detection on samples from four types of
vegetables: nickel sulphate (0.1-10 mg/L); dimethylglyoxime (DMG; 0.1 mol L~!); protein
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A-agarose; benzophenone (1%); alginate (1%); urease (0.1%); ethylenediamine (1%); EtOH
(70%); ammonium buffer solution; and nitric acid (1%) (Sigma Aldrich Chemical Corp., St.
Louis, MO, USA). We obtained screen-printed electrodes (SPEs) based on carbon (DRP110),
bismuth (DRP-110Bi) and silver (DRP-110-AAGNP) inks (dimensions: 3.4 x 1.0 x 0.05 cm?)
from Metrohm DropSens (Metrohm Corp., Herisau, Switzerland). All types of SPEs we
used has a single 4 mm diameter working electrode and a counter electrode made of
carbon, optimized to work with 50 uL volumes of analytes. We mixed all solutions with
deionized water (resistivity of 18.2 M; Millipore Direct-Q 3 UV, Millipore Corp., Burlington,
MA, USA).

2.2. Electrochemical Measurements

We performed two types of electrochemical measurements with a Metrohm Autolab
bipotentiostat uStat 300 using DropView 8400 software v. 3.6 20B0514 (Metrohm Corp.
Herisau, Switzerland). We conducted SPE tests with both Linear Sweep Voltammetry
and Cyclic Voltammetry with the below-specified conditions. We measured nickel con-
centration with electrolytes supported by an ammonium buffer solution, and delivered
50 uL of solution on the surface of working electrodes with different receptors to form
nickel complexes. All voltammetric measurements were carried out at room temperature
(2025 °C).

2.2.1. Linear Sweep Voltammetry (LSV)

We set the LSV parameters in the following steps: an initial potential of 0 V, an end
potential 0.9V, a step potential of 0.002 V, and a scanning rate of 0.05 V/s.

2.2.2. Cyclic Voltammetry (CV)

We conducted cyclic voltammetry with the following conditions: initial potential of
0.1V, switching potential 0.9 V, a step potential of 0.002 V, and a scanning rate 0.05 V/s.

2.3. Receptor Immobilization on Screen Printed Electrodes (SPEs)

We tested five immobilization receptor combinations for functional biosensing interac-
tions with nickel in food analytes: (1) dimethylglyoxime and alginate, (2) dimethylglyoxime
and benzophenone, (3) urease and alginate, (4) protein A-agarose, and (5) ethylenediamine
and alginate. We immobilized dimethylglyoxime on SPEs with both benzophenone (UV
condition at 365 nm) and an alginate solution, and also used an alginate solution to immo-
bilize urease, protein A-agarose, and ethylenediamine on SPEs.

2.4. Testing Biosensor Performance on Nickel Detection in Food

We tested the sensitivity of nickel-detection biosensors on four commercially avail-
able cultivated vegetables using the above two voltammetric methods: (1) mushrooms
(Armillaria mellea), (2) zucchini (Cucurbita pepo), (3) red radish (Raphanus sativus), and (4)
white potato (Solanum tuberosum). We prepared the analytes by homogenizing 1.0 g of
sample in 10 mL of buffer solution, and delivered 50 uL of homogenate derived from the
samples onto the surface of working receptor-immobilized SPEs. We conducted tests for
each sample three times, using SPEs configured with new electrodes for each test.

2.5. Atomic Adsorption Spectrometry Method (AAS)

We determined nickel content in food samples by the Atomic Adsorption Spectrometry
(AAS) method described by Ferreira, et al., 2001 [48]. We used a starting sample mass
of 1.0 g that was decomposed at 500 °C for 60 min, followed by treatment with either
concentrated nitric acid or 30% (v/v) hydrogen peroxide, and by a second heating step
of 45 min. We used the AAS method for comparing the biosensor results to back test the
similarity of the data.
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3. Results
3.1. Protein A-Agarose and Nickel(II) Voltammetric Measurements

Nickel-binding proteins play an important role in many biological compounds and
processes, meaning that these nickel-associated properties of biologics can be utilized
in other biosensing applications (e.g., biotechnology, food science, agriculture, and food
production). In addition to enzymes and proteins, Ni(II) is found in nucleic acids and
their components, and can be used to probe nucleic acid structure [49]. These different
capacities of Ni confirm that that it is able to form stable complexes with many kinds of
coordination ligands, a property that is reflected in the great diversity of Ni(Il) receptors
found in biological systems [31,50]. Moreover, because of its native binding affinities for
biological compounds, Nickel (Ni) can be bound to agarose beads by chelation, allowing
for the examination of interactions between nickel and Protein A-agarose. Agarose is a
polysaccharide obtained from seaweed, with a particular structure that allows spontaneous
gelation. Agarose-based beads are highly porous, mechanically resistant, chemically and
physically inert, and hydrophilic. These features—that could be further improved by
means of covalent crosslinking—render it particularly suitable for enzyme and protein
immobilization [51]. For this reason, we used Protein A-agarose as a receptor affixed on
SPEs to bind Ni from sample analytes with both LSV and CV (Figure S1 in Supplementary
Materials). Figure Sla illustrates the cyclic voltammograms curves obtained with Protein
A-agarose (for all standard nickel solutions) immobilized on carbon SPEs, and shows the
absence of redox peaks, suggesting a high charging/discharging rate capability of the
electrode and pure electric double-layer capacitance.

Biosensors constructed with bismuth and silver SPEs yielded slightly visible peaks for
Ni detection analyzed by cyclic voltammetry (Figure S1b,c). Linear sweep voltammetry
detected a low background current in the potential range from 0.10 to 0.90 V for carbon
and bismuth SPE biosensors, compared with silver electrodes that showed a current above
0.10 V, indicating that Ni began binding the biosensor SPE (Figure S1d—f).

3.2. Dimethylglyoxime (DMG) and Nickel(II) Voltammetric Measurements

Dimethyglyoxime (DMG) is one of the most commonly used synthetic ligands that
binds nickel (Ni) ions and forms a stable Ni-DMG complex. This complex is produced by
the chelation of Ni ions with the organic ligand DMG in an alkaline-ammonia medium.
The reaction involves two DMG molecules acting as chelating agents to form a Ni-DMG
square—planar complex. This reaction is very sensitive, and with its stability it is useful as a
confirmation test for the presence of Ni(Il) cations, even in very low concentrations. DMG
can adsorb to an electrode surface and significantly enhance the electrochemical response
of Ni ions [52]. Because of its sensitivity and stability in forming Ni-DMG complexes,
we used DMG affixed to SPE biosensors (i.e., carbon, bismuth and silver) immobilized
with alginate and benzophenone in our experimental assays of Ni ions in four food types
(Figures 1 and S2).

3.2.1. Dimethylglyoxime (DMG) Immobilized with Alginate

With this method, Ni(II) is complexed by DMG in solution and the resulting Ni(DMG),
complex adsorbs and accumulates onto the surface of the SPEs, where Ni(Il) can be further
reduced by cathodic scan. The CV and LSV results are presented in Figure 1, illustrating
the electrochemical behavior of a Ni-DMG complex that involves the continuous increase
in the amount of current exchanged by a nickel standard solution with repeated cycling
for carbon and bismuth electrodes. Screen-printed electrodes modified with silver show
a redox peak that is proportional with nickel concentration. Linear sweep voltammetry
shows very low background currents measured in the potential range from 0.10 to 0.90 V
for all types of SPEs tested.
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Figure 1. Voltammograms obtained for nickel standard solution and dimethylglyoxime immobilized with alginate; CV with
SPEs: (a) carbon, (b) bismuth, (c) silver; LSV with SPEs: (d) carbon, (e) bismuth, (f) silver.
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3.2.2. Dimethylglyoxime (DMG) Immobilized with Benzophenone

The results of a second dimethylglyoxime immobilization were examined with ben-
zophenone in UV light conditions, and the results of the electrochemical measurements
with three types of SPEs are presented in Figure S2. Examination of these graphs indicates
the lack of oxidation redox peaks, with the exception of the slight presence in the silver
electrode (in cyclic voltammetry, Figure S2c).

3.3. Urease and Nickel(II) Voltammetric Measurements

Coordination chemistry of metal ions from known biological samples can be used to
inform the design of selective heavy metal receptors. In the case of Ni(Il), the coordination
environments vary dramatically, perhaps reflecting the various roles of metal cofactors in
nickel-dependent enzyme complexes [53]. Urease is a nickel-dependent enzyme found
in many organisms, including fungi, algae, plants, and prokaryotes. It is very substrate-
specific, and catalyzes the hydrolysis of urea into carbon dioxide and ammonia [54].
Because urease is a biologically relevant compound in natural organisms [55], we used
it as the ligand to bind nickel with voltametric measurements. We present the results of

the voltammetric behavior that displayed redox peaks for silver SPEs with CV and LSV in
Figure 2.
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Figure 2. Voltammograms obtained for nickel standard solution and urease immobilized with alginate; CV with SPEs:
(a) carbon, (b) bismuth, (c) silver; LSV with SPEs: (d) carbon, (e) bismuth, (f) silver.

3.4. Ethylenediamine and Nickel(I) Voltammetric Measurements

Because Ni(II) is relatively low in the metal spectrochemical /electrochemical series,
chelating groups based on strong-field ligands can be incorporated into any of the four
coordination sites of Ni(II). The chelating groups include pyridine, bipyridine, phenan-
throline, ethylenediamine, ammonia, and carbonyls. Ethylenediamine is one of the more
studied nitrogen-binding, synthetic ligands, forming a large number of complexes with
many different metal ions (e.g., Ni, Fe, Cu Zn, and Pb). It usually acts as a bidentate
ligand, but examples are known in which ethylenediamine acts either as a monodentate
or a bridging ligand [26,32]. We used ethylenediamine for Ni(II) complexation by volta-
metric measurements and immobilization with alginate on SPE surfaces (Figure S3), and
found that the interaction between nickel and ethylenediamine performed better with bis-
muth and silver SPE biosensors analyzed by cyclic voltammetry. The interaction between
nickel and ethylenediamine was better explained with bismuth and silver SPE biosensors
analyzed by cyclic voltammetry that yielded slightly visible peaks.

3.5. Analytical Performance Characteristics of the Five Biosensors

Table 1 lists the performance characteristics (i.e., sensitivity of nickel detection) of the
five types of biosensors coupled to the three SPEs (i.e., carbon, bismuth, and silver). The
results were obtained by cyclic and linear sweep voltammetry. Sensitivity was calculated
using Equation (1) below:

Sensitivity =m/A @)

where m is the slope of the calibration curve (LA Mm™1), and A is the area of active surface
(cm?) [56].

The LOD was determined according to Norocel (2019), using the measured limit of
the blank sample (LoB) and the standard deviation of the lowest sample concentration
(Equation (2)) [57]:

LOD = LoB + SDlow concentration sample 2)

Calibration curves are the standards for evaluating the quantitative detection of a
target of a biosensor. Figure 3 illustrates the calibration curves for the most efficient
biosensors determined by redox peaks. The two most efficient were urease-alginate and
dimethylglyoxime-alginate. All other calibration curves are displayed in Figures S4-58. The
specificity of a biosensor is also essential to validate its applicability for specific detection
of a target, and we present specificities for six elements (i.e., nickel, iron, zinc, cadmium,
copper, and sodium ions) in Figure 4. The results of the selectivity evaluation of the most
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efficient biosensors against the interference of minerals demonstrates that these developed
methods exhibit good selectivity.

Table 1. Analytical performance characteristics of the five biosensors analyzed. LSV = Linear Sweep Voltammetry,

CV = cyclical voltammetry.

Nickel Biosensor SPE Technique R2 Sensitivity [UA Mm~! cm~2] Limit of Detection (LOD) [mg/L]
Carbon 0.9376 1.4753 0.050
Bismuth CV 0.9242 0.4038 0.018
. Silver 0.9742 1.8433 0.019
Protein A-agarose
Carbon 0.9261 0.5189 0.090
Bismuth LSV 0.8607 0.4064 0.026
Silver 0.9329 0.6584 0.012
Carbon 0.9779 0.1444 0.010
Bismuth CV 0.9605 0.0984 0.028
Dimethylglyoxime ~ Silver 09801  0.2850 0.080
-alginate Carbon 09556  0.0575 0.092
Bismuth LSV 0.8516 0.1720 0.098
Silver 0.9482 0.1165 0.050
Carbon 0.7824 0.1107 0.100
. . Bismuth CV 0.8751 0.0682 0.150
Dimethylglyoxime- ;) o 08678 05175 0.092
benzophenone Carbon 0.9415 0.0769 0.120
Bismuth LSV 0.9574 0.0815 0.100
Silver 0.9757 0.6978 0.060
Carbon 0.8569 0.1725 0.050
Bismuth CV 0.9782 0.8737 0.020
. Silver 0.9971 2.1921 0.005
Urease-alginate
Carbon 0.9112 0.1099 0.040
Bismuth LSV 0.9846 0.2767 0.026
Silver 0.9226 0.2562 0.030
Carbon 0.9343 0.1066 0.050
Bismuth CV 0.9578 0.0812 0.100
Ethylenediamine Silver 0.9328 0.1513 0.080
-alginate Carbon 0.8831  0.1388 0.076
Bismuth LSV 0.9430 0.2005 0.050
Silver 0.9112 0.1382 0.080
4 X 100
(a) urease-alginate (b) dimethylglyoxime-alginate
2 3 2 80
2 2 60
— —
E ;
= = 40
s y = 0.2715x + 1.0642 s y = 3.0818x + 45.966
O ) o
R?=0.9971 20 R>=0.9801
0 0
0 5 10 15 2 4 6 8 10 12
Potential (V) Potential (V)

Figure 3. Calibration curve for cyclic voltammograms (a) biosensor with urease-alginate and (b) dimethylglyoxime-alginate.
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80 (a) urease-alginate 4 (b) dimethylglyoxime-alginate
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Mineral elements Mineral elements

Figure 4. Selectivity evaluation (Current, pA) of two biosensor types against the interference of mineral elements: (a)
urease-alginate biosensor; (b) dimethylglyoxime-alginate biosensor.

3.6. Biosensors Optimization

We optimized five receptors with three types of SPEs by two voltammetric techniques
(LSV and CV). We report the R? values of the results, as well as the sensitivity and limit
of detection (LOD) values, in Figure 5. ANOVA results for the quadratic model with
linear regression (R%) were not significant (Figure 5a), implying that the overall mean
may be a better predictor of the response than the null model. The quadratic model was
significant for biosensor sensitivity (p = 0.0103) and LOD (p = 0.0102). Three-dimensional
surface plots (Figure 5b) of biosensor sensitivity showed higher values for bismuth and
silver electrodes analyzed by cyclic voltammetry. Silver was more sensitive at detection by
linear sweep voltammetry. The LOD was greater for silver electrodes with LSV and for
bismuth electrodes with CV (Figure 5c). The Desirability score (D) for optimization was
0.844 (ranges from suboptimal, 0, to 1.0, optimal) indicating that silver electrodes combined
with urease ligands and the CV assay were the most efficient biosensor combinations for
nickel detection.

Sensitivity (uA Mm 1 em )
LOD (mg/L)

Figure 5. 3D surfaces for performance parameters of three electrode types (C-carbon, Bi-bismuth, and Ag-silver) and two
voltammetric techniques (CV and LSV): (a) RZ, (b) Sensitivity (LA Mm~! em~2), and (c) Limit of Detection (LOD; mg/L).

3.7. Testing the Biosensors for Food Samples

The results for nickel content measurements from samples of mushrooms (Armillaria
mellea), zucchini (Cucurbita pepo), red radish (Raphanus sativus), and white potato (Solanum
tuberosum) were similar for the five biosensor types and both voltametric techniques,
although the absolute measures differed in small degrees. In general, the biosensors
performed better than the AAS method. The results are presented in Tables 2-5.
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Table 2. Nickel content in mushrooms (Armillaria mellea).

Biosensor for Ni SPEs Technique Nickel Content [mg/kg] AAS [mg/kg]
Carbon 8.68
Bismuth CvV 8.23
Silver 8.32
Protein A-agarose Carbon 852
Bismuth LSV 8.60
Silver 8.18
Carbon 8.38
Bismuth CvV 8.44
Dimethylglyoxime- Silver 8.56
alginate Carbon 8.26
Bismuth LSV 8.03
Silver 8.17
Carbon 8.76
Bismuth Ccv 8.25 708
Dimethylglyoxime- Silver 8.81 ’
benzophenone Carbon 8.48
Bismuth LSV 8.74
Silver 8.16
Carbon 8.29
Bismuth CcvV 8.16
Silver 8.51
Urease-alginate Carbon 8.35
Bismuth LSV 8.42
Silver 8.11
Carbon 8.31
Bismuth (a\Y% 8.62
Ethylenediamine- Silver 8.34
alginate Carbon 8.50
Bismuth LSV 8.64
Silver 8.43
Table 3. Nickel content in zucchini (Cucurbita pepo).
Biosensor for Ni SPEs Technique Nickel Content [mg/kg] AAS [mg/kg]
Carbon 0.92
Bismuth (@AY 1.26
Silver 1.02
Protein A-agarose Carbon 0.89
Bismuth LSV 0.98
Silver 1.14
Carbon 0.91 0.80
Bismuth CcvV 0.72
Dimethylglyoxime- Silver 0.88
alginate Carbon 0.98
Bismuth LSV 1.22
Silver 1.28
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Table 3. Cont.

Biosensor for Ni SPEs Technique Nickel Content [mg/kg] AAS [mg/kg]
Carbon 1.26
Bismuth CV 1.08
Dimethylglyoxime- Silver 110
benzophenone Carbon 1.32
Bismuth LSV 1.18
Silver 1.04
Carbon 0.97
Bismuth CvV 0.96
Silver 0.84
Urease-alginate Carbon 0.78
Bismuth LSV 0.90
Silver 0.86
Carbon 0.92
Bismuth CvV 0.98
Ethylenediamine- Silver 128
alginate Carbon 1.20
Bismuth LSV 1.22
Silver 1.06
Table 4. Nickel content in red radish (Raphanus sativus).
Biosensor for Ni SPEs Technique Nickel Content [mg/kg] AAS [mg/kg]
Carbon 7.68
Bismuth CcvV 8.21
Protein A-agarose Silver 742
Carbon 7.62
Bismuth LSV 7.89
Silver 7.98
Carbon 8.11
Bismuth CcvV 8.02
Dimethylglyoxime- Silver 7.68
alginate Carbon 7.56
Bismuth LSV 7.28
Silver 7.72
Carbon 7.82 7.11
Bismuth (@AY 7.51
Dimethylglyoxime- Silver 8.68
benzophenone Carbon 794
Bismuth LSV 7.84
Silver 7.32
Carbon 7.62
Bismuth CcvV 7.46
Urease-alginate Silver 7.18
Carbon 7.48
Bismuth LSV 7.54
Silver 7.28
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Table 4. Cont.

Biosensor for Ni SPEs Technique Nickel Content [mg/kg] AAS [mg/kg]
Carbon 7.83
Bismuth CV 7.78
Ethylenediamine- Silver 7.44
alginate Carbon 8.20
Bismuth LSV 8.12
Silver 8.36

Table 5. Nickel content in white potato (Solanum tuberosum).

Nickel Content

Biosensor for Ni SPEs Technique [mg/kg] AAS [mg/kg]

Carbon 2.98

Bismuth (&A% 3.06
Protein A-agarose Silver 311

Carbon 2.85

Bismuth LSV 2.93

Silver 2.96

Carbon 2.17

Bismuth CV 3.08
Dimethylglyoxime- Silver 3.29
alginate Carbon 3.44

Bismuth LSV 3.27

Silver 3.38

Carbon 3.02

Bismuth CV 3.16 535
Dimethylglyoxime- Silver 271 ’
benzophenone Carbon 2.92

Bismuth LSV 3.10

Silver 3.01

Carbon 2.74

Bismuth CV 2.61
Urease-alginate Silver 241

Carbon 2.49

Bismuth LSV 2.72

Silver 2.81

Carbon 2.79

Bismuth CV 2.98
Ethylenediamine- Silver 2.92
alginate Carbon 3.05

Bismuth LSV 3.14

Silver 2.92

4. Discussion

Over all methods tested, both cyclic voltammetry and linear sweep voltammetry
showed redox peaks for the silver screen-printed electrode (SPE) that indicate it is the
most sensitive SPE for nickel detection in the cultivated vegetable samples we assayed.
A well-defined Ni(II) peak around 0.2 V increased proportionally with nickel concen-
tration using the silver SPE affixed with urease-alginate (Figure 4a). Redox-peaks were
also evident by both voltammetric methods for nickel detection on SPEs affixed with
dimethylglyoxime-alginate, although the results were less clear (Figure 2c). For other
types of SPEs, voltammograms either did not produce redox peaks, or the peaks were
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very low, noting that the potentials differed for the determination of LODs depending
on the biosensor analyzed. Biosensor sensitivities, summarized in Table 1, indicate that
the urease-alginate combination produced the highest sensitivity (2.1921 pA Mm ™! cm~2)
with cyclic voltammetry and the silver SPE. Protein A-agarose was less sensitive to nickel
(1.4753 pA Mm~! cm~2) with the same electrode and analytical technique. The highest
LOD scores were obtained for the same biosensors: 0.005 mg/L for urease-alginate, and
0.019 mg/L for Protein A-agarose. Linear sweep voltammetry produced lower sensitivity
values compared with cyclic voltammetry (0.6584 pA Mm ™! cm~2 for Protein A-agarose
and 0.6978 pA Mm~! cm~2 for dimethylglyoxime-benzophenone). LODs from Table 1 for
these biosensors were also lower (0.012 mg/L for Protein A-agarose, and 0.060 mg/L for
dimethylglyoxime-benzophenone).

Performance characteristics suggested that the urease receptor affixed to a silver
SPE was the most sensitive at detecting differences in total nickel content for the four
vegetable samples we assayed. Although the dimethylglyoxime-alginate and Protein A-
agarose affixed to carbon and silver SPEs were also effective for nickel detection, these
biosensor combinations produced lower LOD scores. Nickel content in the mushroom
samples (Armillaria mellea) analyzed by AAS was 7.98 mg/kg (Table 2). The best re-
sults obtained were by LSV for the biosensor constructed with the bismuth SPE and
dimethylglyoxime-alginate (8.03 mg/kg), followed by the urease-alginate biosensor on
the silver SPE (8.11 mg/kg). Similar results were obtained by cyclic voltammetry for the
urease-alginate and bismuth SPE (8.16 mg/kg). Nickel content in zucchini (Cucurbita pepo)
assayed with the AAS method was 0.80 mg/Kg. We found similar values for two biosen-
sors analyzed by cyclic voltammetry (the silver SPE with urease-alginate, 0.84 mg/kg) and
linear sweep voltammetry (the carbon SPE with urease-alginate, 0.78 mg/kg), suggesting
mixed results. Assays for nickel content in red radish (Raphanus sativus) samples conducted
with the AAS method produced a value of 7.11 mg/kg. In comparison, the biosensors
were more effective at detecting nickel levels. The urease-alginate—silver SPE detected
nickel levels of 7.18 mg/kg by cyclic voltammetry, and for both biosensor combinations
with dimethylglyoxime-alginate—bismuth SPE and urease-alginate—silver SPE, the nickel
content was measured at 7.28 mg/kg by linear sweep voltammetry. White potato (Solanum
tuberosum) assays with the AAS method were 2.35 mg/kg, while urease-alginate biosensors
yielded 2.41 mg/kg by cyclic voltammetry on the silver SPE, and 2.49 mg/kg by linear
sweep voltammetry on the carbon SPE, indicating greater sensitivities of biosensors.

There are many studies that discuss the applications of electrochemical and optical
biosensors to detect nickel ions, but only a few are specific to food applications. While
there are a number of different methods and techniques in use for the determination of
nickel ion content, the differences among them are determined by the required analytical
performance characteristics, i.e., the detection limit, sensitivity, and dynamic range. Verma
& Singh (2006) developed a sensor for nickel ions in food but did not specify the sensitivity;
they reported only the range of Ni(II) detection: 0.002-0.04 ppb with a response time of
1.5 min, and reliability of 91.5% and 90.6% [5], values which cannot be compared with our
biosensors. Alves et al. (2013) determined nickel content by adsorptive cathodic stripping
voltammetry and obtained a LOD of 0.6 pug/L, but the sensitivity was not presented [58].
Padilla et al. (2021) recently described several types of biosensors used for nickel detection
at trace levels with large-scale applications [59]; however, trace levels were not in the linear
range found in food products, which points to the value that the biosensors we described
here hold for applications in the food industry, and for public health.

5. Conclusions

Biosensors are ideal tools for detecting analytes including nickel because they can
be synthesized to have very high specificity, and can be adapted for high-throughput
processing. They are generally lower cost and portable, which makes them valuable
for small-scale and mobile/remote applications. Most existing biosensors developed
for nickel ion detection have limited application to industrial food production because



Biosensors 2021, 11, 519 15 0f 17

they are designed to detect elements in trace levels (e.g., ppb). If existing biosensors
and newer methods are deployed to measure heavy metal ions in food, it would greatly
benefit consumer health because of the known toxic and/or adverse health effects of
metal ion consumption. Our results suggest that biosensors can be readily developed for
determining nickel ion concentration in food. We demonstrated this by the performance
characteristics we measured in comparison with legacy reference methods (AAS). In
particular, biosensors affixed with silver and carbon electrodes are effective for nickel
detection (indicated by cyclic voltammetry). We found that urease-alginate, Protein A-
agarose, and dimethylglyoxime-alginate were the most effective ligands for immobilizing
analytes, which suggests that these biosensor combinations hold promise for wide-scale
applications for the quantification of nickel ions in food.
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glyoxime immobilized with benzophenone, Figure S3: Voltammograms obtained for a nickel standard
solution and ethylenediamine immobilized with alginate, Figure S4: Calibration curves obtained for
a nickel standard solution and Protein A-Agarose, Figure S5: Calibration curves for a nickel standard
solution and dimethylglyoxime immobilized with alginate, Figure S6: Calibration curves for a nickel
standard solution and dimethylglyoxime immobilized with benzophenone, Figure S7: Calibration
curves for a nickel standard solution and urease immobilized with alginate. Figure S8: Calibration
curves obtained for a nickel standard solution and ethylenediamine immobilized with alginate.

Author Contributions: Conceptualization, L.A.-N., WK.S., G.G. and S.A.; methodology, L.A.-N.,
G.G. and S.A; software, L.A.-N.; validation, L.A.-N., WK.S., G.G. and S.A.; formal analysis, L.A.-N.,
investigation, L.A.-N., WK.S., G.G. and S.A.; resources, L.A.-N., WK.S,, G.G. and S.A ; data curation,
L.A.-N., WK.S.; writing—original draft preparation, L.A.-N., WK.S,; writing—review and editing,
L.A-N., WK.S,; visualization, G.G.; supervision, S.A.; project administration, L.A.-N.; funding
acquisition, L.A.-N. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a grant of the Ministry of Research, Innovation and Digital-
ization, CNCS/UEFISCD], project number PN-III-P1-1.1-PD-2019-1111, within PNCDI III.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: We acknowledge the support of the Romanian Ministry of Research, Innovation
and Digitalization, CNCS/UEFISCDI], to conduct this work.

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

References

1. D’Alcamo, A.; Mansueto, P.; Soresi, M.; Iacobucci, R.; La Blasca, F,; Geraci, G.; Cavataio, F.; Fayer, F; Arini, A.; Di Stefano, L.;
et al. Contact Dermatitis Due to Nickel Allergy in Patients Suffering from Non-Celiac Wheat Sensitivity. Nutrients 2017, 9, 103.
[CrossRef]

2. Duda-Chodak, A.; Blaszczyk, U. The impact of nickel on human health. . Elem. 2008, 13, 685-693.

3. Kruszewski, B.; Obiedziniski, M.W.; Kowalska, J. Nickel, cadmium and lead levels in raw cocoa and processed chocolate mass
materials from three different manufacturers. J. Food Compos. Anal. 2018, 66, 127-135. [CrossRef]

4. Salazar, RED.S.; Alcantara, M.A K.D.; Izario Filho, H.J. Evaluation of sample preparation methods and optimization of nickel
determination in vegetable tissues. Rev. Bras. Ciénc. Solo 2011, 35, 241-248. [CrossRef]

5. Verma, N.; Singh, M. A Bacillus sphaericus Based Biosensor for Monitoring Nickel Ions in Industrial Effluents and Foods. J. Autom.
Methods Manag. Chem. 2006, 2006, 83427. [CrossRef]

6.  Genchi, G.; Carocci, A.; Lauria, G.; Sinicropi, M.S.; Catalano, A. Nickel: Human health and environmental toxicology. Int. J.
Environ. Res. Public Health 2020, 17, 679. [CrossRef]

7.  Antico, A.; Soana, R. Nickel sensitization and dietary nickel are a substantial cause of symptoms provocation in patients with
chronic allergic-like dermatitis syndromes. Allergy Rhinol. 2015, 6, 56—63. [CrossRef]


https://www.mdpi.com/article/10.3390/bios11120519/s1
https://www.mdpi.com/article/10.3390/bios11120519/s1
http://doi.org/10.3390/nu9020103
http://doi.org/10.1016/j.jfca.2017.12.012
http://doi.org/10.1590/S0100-06832011000100022
http://doi.org/10.1155/JAMMC/2006/83427
http://doi.org/10.3390/ijerph17030679
http://doi.org/10.2500/ar.2015.6.0109

Biosensors 2021, 11, 519 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.
29.

30.

31.

32.

33.
34.

35.

36.

37.

Goodman, ].E.; Prueitt, R.L.; Dodge, D.G.; Thakali, S. Carcinogenicity assessment of water-soluble nickel compounds. Crit. Rev.
Toxicol. 2009, 39, 365-417. [CrossRef]

Lusi, E.A.; Di Ciommo, V.M,; Patrissi, T.; Guarascio, P. High prevalence of nickel allergy in an overweight female population: A
pilot observational analysis. PLoS ONE 2015, 10, e0123265. [CrossRef] [PubMed]

Venter, C. Food Hypersensitivity: Diagnosing and Managing Food Allergies and Intolerances. J. Allergy 2012, 2012, 576017.
[CrossRef]

Thakur, M.S.; Ragavan, K.V. Biosensors in food processing. J. Food Sci. Technol. 2013, 50, 625-641. [CrossRef] [PubMed]
O’Connell, PJ.; O’Sullivan, C.K.; Guilbault, G.G. Biosensors for food analysis. Irish ]. Agric. Food Res. 2000, 39, 321-329.
Monosik, R.; Stred’ansky, M.; Tkac, J.; Sturdik, E. Application of Enzyme Biosensors in Analysis of Food and Beverages. Food
Anal. Methods 2012, 5, 40-53. [CrossRef]

Mishra, G.K; Barfidokht, A.; Tehrani, F; Mishra, R K. Food Safety Analysis Using Electrochemical Biosensors. Foods 2018, 7, 141.
[CrossRef]

Neethirajan, S.; Ragavan, V.; Weng, X.; Chand, R. Biosensors for sustainable food engineering: Challenges and perspectives.
Biosensors 2018, 8, 23. [CrossRef]

Meshram, B.D.; Agrawal, A.K; Adil, S.; Ranvir, S.; Sande, K.K. Biosensor and its application in food and dairy industry: A review.
Int. J. Curr. Microbiol. Appl. Sci 2018, 7, 3305-3324. [CrossRef]

Taher, M.A.; Mazaheri, L.; Ashkenani, H.; Mohadesi, A.; Afzali, D. Determination of nickel in water, food, and biological samples
by electrothermal atomic absorption spectrometry after preconcentration on modified carbon nanotubes. J. AOAC Int. 2014, 97,
225-231. [CrossRef]

Bollella, P.; Katz, E. Biosensors—Recent Advances and Future Challenges. Sensors 2020, 20, 6645. [CrossRef] [PubMed]
Mattison, R.L.; Bowyer, A.A.; New, E.J. Small molecule optical sensors for nickel: The quest for a universal nickel receptor. Coord.
Chem. Rev 2020, 425, 213522. [CrossRef]

Commission Recommendation (EU) 2016/1111 of 6 July 2016 on the Monitoring of Nickel in Food (Text with EEA Relevance).
Available online: https:/ /eur-lex.europa.eu/legal-content/EN/TXT/PDF /?uri=CELEX:32016H1111&from=FR (accessed on 15
September 2021).

Forzani, E.S.; Zhang, H.; Chen, W.; Tao, N. Detection of heavy metal ions in drinking water using a high-resolution differential
surface plasmon resonance sensor. Environ. Sci. Technol. 2005, 39, 1257-1262. [CrossRef] [PubMed]

Gao, PE; Zhang, X.W.; Kuang, H.Z; Li, Q.Q.; Li, Y. Study on simultaneous determination of Ni, Pb and Cd by ion chromatography.
IOP Conf. Ser. Earth Environ. Sci. 2018, 146, 012068. [CrossRef]

Kumar, B.N.; Kanchi, S.; Sabela, M.L; Bisetty, K.; Jyothi, N.V.V. Spectrophotometric determination of nickel (II) in waters and soils:
Novel chelating agents and their biological applications supported by DFT method. Karbala Int. ]. Mod. Sci. 2016, 2, 239-250.
[CrossRef]

Singh, A.K.; Bhattacharjee, G.; Singh, M.; Chandra, S. A new macrocyclic ligand-based sensor for nickel (II) ions. Bull. Chem. Soc.
Jpn. 1997, 70, 2995-2999. [CrossRef]

Li, Q; Wu, J.T; Liu, Y,; Qi, X.M,; Jin, H.G.; Yang, C.; Liu, J.; Li, G.L.; He, Q.G. Recent advances in black phosphorus-based
electrochemical sensors: A review. Anal. Chim. Acta 2021, 1170, 338480. [CrossRef]

Power, A.C.; Morrin, A. Electroanalytical sensor technology. In Electrochemistry; IntechOpen: Rijeka, Croatia, 2013. [CrossRef]
Almaquer, FE.P,; Ricacho, ].5.Y.; Ronquillo, R.L.G. Simple and rapid colorimetric sensing of Ni(II) ions in tap water based on
aggregation of citrate-stabilized silver nanoparticles. Sustain. Environ. Res. 2019, 29, 23. [CrossRef]

Kuswandi, B.; Verboom, W.; Reinhoudt, D.N. Tripodal receptors for cation and anion sensors. Sensors 2006, 6, 978-1017. [CrossRef]
Kozitsina, A.N.; Svalova, T.S.; Malysheva, N.N.; Okhokhonin, A.V.; Vidrevich, M.B.; Brainina, K.Z. Sensors Based on Bio and
Biomimetic Receptors in Medical Diagnostic, Environment, and Food Analysis. Biosensors 2018, 8, 35. [CrossRef]

McConnell, EM.; Nguyen, J.; Li, Y. Aptamer-Based Biosensors for Environmental Monitoring. Front. Chem. 2020, 8, 434.
[CrossRef]

Lo, Y,; Cheung, Y.-W.; Wang, L.; Lee, M.; Figueroa-Miranda, G.; Liang, S.; Mayer, D.; Tanner, J.A. An electrochemical aptamer-
based biosensor targeting Plasmodium falciparum histidine-rich protein II for malaria diagnosis. Biosens. Bioelectron. 2021, 192,
113472. [CrossRef]

Gil, E.P; Ostapczuk, P. Nickel and cobalt determination by constant current potentiometry. Fresenious’ J. Anal. Chem. 1993, 346,
952-956.

Hopirtean, E.; Cosma, V.; Coroian, A. Potentiometric determination of nickel impurities in brasses. Chem. Anal. 1992, 37, 741.
Gonzalez, P; Cortinez, V.A.; Fontan, C.A. Determination of nickel by anodic adsorptive stripping voltammetry with a cation
exchanger-modified carbon paste electrode. Talanta 2002, 58, 679—-690. [CrossRef]

Munaf, E.; Suyani, H.; Zein, R.; Pardi, H. Simultaneous Determination of Trace Amounts of Iron, Cobalt, Nickel and Chromium
in Water Samples with Calcon as Complexing Agent by Adsorptive Stripping Voltammetry. Asian J. Chem. 2015, 27, 3978-3982.
[CrossRef]

Aouarram, A.; Galindo-Riafio, M.D.; Garcia-Vargas, M.; Stitou, M.; El Yousfi, F.; Espada-Bellido, E. An efficient approach to
designing and optimizing the analysis of Ni(II) by AdCSV in seawater. Talanta 2010, 82, 1749-1756. [CrossRef] [PubMed]
Pokpas, K.; Jahed, N.; Baker, P.G.; Iwuoha, E.I. Complexation-based detection of nickel (II) at a gra-phene-chelate probe in the
presence of cobalt and zinc by adsorptive stripping voltammetry. Sensors 2017, 17, 1711. [CrossRef] [PubMed]


http://doi.org/10.1080/10408440902762777
http://doi.org/10.1371/journal.pone.0123265
http://www.ncbi.nlm.nih.gov/pubmed/25822975
http://doi.org/10.1155/2012/576017
http://doi.org/10.1007/s13197-012-0783-z
http://www.ncbi.nlm.nih.gov/pubmed/24425965
http://doi.org/10.1007/s12161-011-9222-4
http://doi.org/10.3390/foods7090141
http://doi.org/10.3390/bios8010023
http://doi.org/10.20546/ijcmas.2018.702.397
http://doi.org/10.5740/jaoacint.12-327
http://doi.org/10.3390/s20226645
http://www.ncbi.nlm.nih.gov/pubmed/33233539
http://doi.org/10.1016/j.ccr.2020.213522
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32016H1111&from=FR
http://doi.org/10.1021/es049234z
http://www.ncbi.nlm.nih.gov/pubmed/15787364
http://doi.org/10.1088/1755-1315/146/1/012068
http://doi.org/10.1016/j.kijoms.2016.08.003
http://doi.org/10.1246/bcsj.70.2995
http://doi.org/10.1016/j.aca.2021.338480
http://doi.org/10.5772/51480
http://doi.org/10.1186/s42834-019-0026-3
http://doi.org/10.3390/s6080978
http://doi.org/10.3390/bios8020035
http://doi.org/10.3389/fchem.2020.00434
http://doi.org/10.1016/j.bios.2021.113472
http://doi.org/10.1016/S0039-9140(02)00381-8
http://doi.org/10.14233/ajchem.2015.19026
http://doi.org/10.1016/j.talanta.2010.07.069
http://www.ncbi.nlm.nih.gov/pubmed/20875572
http://doi.org/10.3390/s17081711
http://www.ncbi.nlm.nih.gov/pubmed/28757588

Biosensors 2021, 11, 519 17 of 17

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Mettakoonpitak, J.; Miller-Lionberg, D.; Reilly, T.; Volckens, J.; Henry, C.S. Low-cost reusable sensor for cobalt and nickel detection
in aerosols using adsorptive cathodic square-wave stripping voltammetry. J. Electroanal. Chem. 2017, 805, 75-82. [CrossRef]
Bobrowski, A.; Krélicka, A.; Maczuga, M.; Zarebski, J. A novel screen-printed electrode modified with lead film for adsorptive
stripping voltammetric determination of cobalt and nickel. Sens. Actuators B Chem. 2014, 191, 291-297. [CrossRef]

Ochab, M.; Geca, I.; Korolczuk, M. The new Micro-set for Adsorptive Stripping Voltammetric Simultaneous Determination of
Nickel and Cobalt Traces in Aqueous Media. Electroanalysis 2019, 31, 1769-1774. [CrossRef]

Brett, C.M.; Garcia, M.B.Q.; Lima, ].L. Square wave adsorptive stripping voltammetry of nickel and cobalt at wall-jet electrodes in
continuous flow. Electroanalysis 1996, 8, 1169-1173. [CrossRef]

Yang, Y.; Yuan, Z.; Liu, X.P; Liu, Q.; Mao, C.J.; Niu, H.L.; Jin, B.K.; Zhang, S.Y. Electrochemical biosensor for Ni?* detection based
on a DNAzyme-CdSe nanocomposite. Biosens. Bioelectron. 2016, 77, 13-18. [CrossRef]

Amini, M.K,; Kabiri, M. Determination of trace amounts of nickel by differential pulse adsorptive cathodic stripping voltammetry
using calconcarboxylic acid as a chelating agent. |. Iran. Chem. Soc. 2005, 2, 32-39. [CrossRef]

Hussain, M.M.; Rahman, M.M.; Arshad, M.N.; Asiri, A.M. Electrochemical detection of Ni** ions using synthesized (E)-N'-
Chlorobenzylidene-4-methylbenzenesulfonohydrazide derivatives modified with a Nafion matrix. ChemistrySelect 2017, 2,
7455-7464. [CrossRef]

Zakharkiva, A.M.; Shumar, S.V. Potentiometric determination of nickel (II) with sodium diethyldithiocarbamate (NaDEDC). ].
Phys. Conf. Ser. 2020, 1611, 012028. [CrossRef]

Sett, A.; Das, S.; Sharma, P.; Bora, U. Aptasensors in health, environment and food safety monitoring. Open J. Appl. Biosens. 2012,
1,9-19. [CrossRef]

Odobasi¢, A.; Sestan, 1; Begi¢, S. Biosensors for determination of heavy metals in waters. In Biosensors for Environmental Monitoring;
IntechOpen: London, UK, 2019. [CrossRef]

Ferreira, S.L.; dos Santos, W.N.; Lemos, V.A. On-line preconcentration system for nickel determination in food samples by flame
atomic absorption spectrometry. Anal. Chim. Acta 2001, 445, 145-151. [CrossRef]

Ttirke, N. Stability Constants of Mixed Ligand Complexes of Nickel (II) with Adenine and Some Amino Acids. Bioinorg. Chem.
Appl. 2015. [CrossRef]

Yasmin, J.; Ahmed, M.R.; Cho, B.-K. Biosensors and their Applications in Food Safety: A Review. . Biosyst. Eng. 2016, 41, 240-254.
[CrossRef]

Zucca, P; Fernandez-Lafuente, R.; Sanjust, E. Agarose and Its Derivatives as Supports for Enzyme Immobilization. Molecules
2016, 21, 1577. [CrossRef]

Cardoso, W.S,; Dias, V.L.N.; Costa, W.M.; de Araujo Rodrigues, I.; Marques, E.P,; Sousa, A.G.; Boaventura, J.; Bezerra, CW.B,;
Song, C.; Liu, H.; et al. Nickel-dimethylglyoxime complex modified graphite and carbon paste electrodes: Preparation and
catalytic activity towards methanol/ethanol oxidation. J. Appl. Electrochem. 2009, 39, 55-64. [CrossRef]

Hubalek, J.; Hradecky, J.; Adam, V.; Krystofova, O.; Huska, D.; Masarik, M.; Trnkova, L.; Horna, A.; Klosova, K.; Adamek, M.
Spectrometric and voltammetric analysis of urease-Nickel nanoelectrode as an electrochemical sensor. Sensors 2007, 7, 1238-1255.
[CrossRef]

Tavares, M.C,; Oliveira, K.A.; de Fatima, A.; Coltro, W.K,; Santos, ].C.C. Paper-based analytical device with colorimetric detection
for urease activity determination in soils and evaluation of potential inhibitors. Talanta 2021, 230, 122301. [CrossRef] [PubMed]
Mazzei, L.; Musiani, F,; Ciurli, S. The structure-based reaction mechanism of urease, a nickel dependent enzyme: Tale of a long
debate. J. Biol. Inorg. Chem. 2020, 25, 829-845. [CrossRef] [PubMed]

Norocel, L.; Gutt, G. Screen-Printed Voltammetric Biosensors for the Determination of Copper in Wine. Sensors 2019, 19, 4618.
[CrossRef]

Norocel, L.; Gutt, G. Development and performance testing of an electrochemical sensor for determination of iron ions in wine.
Aust. |. Grape Wine Res. 2019, 25, 161-164. [CrossRef]

Alves, G.M.S.; Magalhaes, ].M.; Soares, H. Simultaneous Determination of Nickel and Cobalt Using a Solid Bismuth Vibrating
Electrode by Adsorptive Cathodic Stripping Voltammetry. Electroanalysis 2013, 25, 1247-1255. [CrossRef]

Padilla, V,; Serrano, N.; Diaz-Cruz, ].M. Determination of Trace Levels of Nickel (II) by Adsorptive Stripping Voltammetry Using
a Disposable and Low-Cost Carbon Screen-Printed Electrode. Chemosensors 2021, 9, 94. [CrossRef]


http://doi.org/10.1016/j.jelechem.2017.10.026
http://doi.org/10.1016/j.snb.2013.10.006
http://doi.org/10.1002/elan.201900215
http://doi.org/10.1002/elan.1140081219
http://doi.org/10.1016/j.bios.2015.09.014
http://doi.org/10.1007/BF03245777
http://doi.org/10.1002/slct.201700510
http://doi.org/10.1088/1742-6596/1611/1/012028
http://doi.org/10.4236/ojab.2012.12002
http://doi.org/10.5772/intechopen.84139
http://doi.org/10.1016/S0003-2670(01)01262-4
http://doi.org/10.1155/2015/374782
http://doi.org/10.5307/JBE.2016.41.3.240
http://doi.org/10.3390/molecules21111577
http://doi.org/10.1007/s10800-008-9636-x
http://doi.org/10.3390/s7071238
http://doi.org/10.1016/j.talanta.2021.122301
http://www.ncbi.nlm.nih.gov/pubmed/33934769
http://doi.org/10.1007/s00775-020-01808-w
http://www.ncbi.nlm.nih.gov/pubmed/32809087
http://doi.org/10.3390/s19214618
http://doi.org/10.1111/ajgw.12375
http://doi.org/10.1002/elan.201200643
http://doi.org/10.3390/chemosensors9050094

	Introduction 
	Materials and Methods 
	Chemicals 
	Electrochemical Measurements 
	Linear Sweep Voltammetry (LSV) 
	Cyclic Voltammetry (CV) 

	Receptor Immobilization on Screen Printed Electrodes (SPEs) 
	Testing Biosensor Performance on Nickel Detection in Food 
	Atomic Adsorption Spectrometry Method (AAS) 

	Results 
	Protein A-Agarose and Nickel(II) Voltammetric Measurements 
	Dimethylglyoxime (DMG) and Nickel(II) Voltammetric Measurements 
	Dimethylglyoxime (DMG) Immobilized with Alginate 
	Dimethylglyoxime (DMG) Immobilized with Benzophenone 

	Urease and Nickel(II) Voltammetric Measurements 
	Ethylenediamine and Nickel(II) Voltammetric Measurements 
	Analytical Performance Characteristics of the Five Biosensors 
	Biosensors Optimization 
	Testing the Biosensors for Food Samples 

	Discussion 
	Conclusions 
	References

