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Abstract: Electrochemical sensors and biosensors are analytical tools, which are in continuous devel-
opment with the aim of generating new analytical devices which are more reliable, cheaper, faster,
sensitive, selective, and robust than others. In matrices related to agroalimentary, environmental,
or health systems, natural or synthetic compounds occur which fulfil specific roles; some of them
(such as mycotoxins or herbicides) may possess harmful properties, and others (such as antioxidants)
beneficial ones. This imposes a challenge to develop new tools and analytical methodologies for their
detection and quantification. This review summarises different aspects related to the development of
electrochemical sensors and biosensors carried out in Argentina in the last ten years for application
in agroalimentary, environmental, and health fields. The discussion focuses on the construction and
development of electroanalytical methodologies for the determination of mycotoxins, herbicides,
and natural and synthetic antioxidants. Studies based on the use of different electrode materials
modified with micro/nanostructures, functional groups, and biomolecules, complemented by the use
of chemometric tools, are explored. Results of the latest reports from research groups in Argentina
are presented. The main goals are highlighted.
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1. Introduction

The increase in the world population has led to the development of a large number of
substances of interest related to the main demands of the population, particularly in the
food and health industries and those derived from them. Synthetic and natural antioxidants,
mycotoxins, herbicides, and other compounds related to health are a representative group
of these compounds. Thus, the development of new control analytical tools that allow the
determination of different compounds associated with this situation is of great interest to
the scientific and international communities.

The diet of the world population has become a topic of interest for governments and
for the scientific community. It has been shown that the intake of an adequate diet rich in
nutrients and biologically active compounds is related to a better quality of life and to a
notable decrease in cardiovascular, tumour, and neurodegenerative diseases, among oth-
ers [1-4]. A family of compounds which must be present in a balanced diet is antioxidants
(vitamins, carotenoids, minerals, phenols, and polyphenols) [5,6]. Antioxidants are the
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main components responsible for antioxidant activity in an organism and are present in a
wide variety of fruits and vegetables [7-11]. Numerous studies have shown that antioxi-
dants can help prevent diseases by reducing oxidative stress in the human body [12,13].
Phenolic compounds represent a large group of plant metabolites and are part of both
human and animal diets. Phenolic compounds are a heterogeneous family of chemical com-
pounds such as phenolic acids, flavonoids, tannins, stilbenes, etc. Their relevance is related
to their organoleptic properties, such as colour, astringency, taste, and bitterness [14,15].
They have pharmacological properties such as cardio protective activity, lipid-lowering
activity by direct scavenging of radicals, gastrointestinal protection, antioxidant activity;,
inhibition effects on expression of heat shock proteins, anti-inflammatory and analgesic
activity, antimicrobial activity, anti-osteoporotic effects, etc. [16].

On the other hand, it is possible to find contaminants such as mycotoxins in com-
modities and manufactured food. They are produced by a wide variety of filamentous
fungi. The main fungi are Aspergillus, Penicillium, Fusarium, Byssochlamys, Stachybotrys,
Trichoderma, Alternaria, Chaetomium, and Paecilomyces [17-19]. In the 1980s, the Food and
Agriculture Organization of the United Nations (FAO) indicated that toxicogenic fungi
mainly affect approximately 25% of crops [20]. However, due to the combination of the
improved sensitivity of analytical methods and climate change, the occurrence above
detectable levels reaches 60-80% of mycotoxin contamination of food crops [21]. This point
is relevant for countries whose economic activities are based on the production of cereals,
seeds, oilseeds, fruits and vegetables, nuts, raisins, and spices, and manufactured products
such as fruit juice, wine, and bakery products [22-24]. The ingestion of food contaminated
with mycotoxins can produce moderate and severe health risks (Table 1) [25]. Based on
the cancer risk for human health produced by mycotoxins, the International Agency for
Research on Cancer (IARC) classified them into different categories [26].

Table 1. IARC classification and effects produced by different mycotoxins. See the abbreviation list at the end of the article.

Mycotoxins Effects IARC Classification *
ZEA gn I:I:rrl(;il:;gi irs};rrcl)ccllicetri;/aet(o:l-itsg);ieerfsf,eecigogens, abortions and sterility, and hepatotoxic, Not regulated
ZEN It can produce breast cancer, with strong and prolonged endocrine-disruptive effects in humans. Not regulated
MON £151 :eI; ;);(Sic;zraltéorr; ;1’;&1:;1;?;1 (élfei;etﬁg;eﬁcgfes in the tricarboxylic acid cycle, causing respiratory Not regulated
CIT It produces nephrotoxic, kidney disease in monogastrics, body tremors, immunosuppression, etc. I
OTA It is a powerful nephrotoxic, teratogenic, and immunosuppressive agent. 1B
ZER Itis a ZEA derivative and is considered an endocrine-disrupting compound. Not regulated
PAT It produces neurotoxic, immunological, mutagenic, genotoxic, and teratogenic problems. I
STE Aflatoxin B1 precursor. It has carcinogenic effects related to gastric, hepatic, and esophageal B

carcinomas.

* Group IIA: probably carcinogenic to humans; there is limited evidence in humans but sufficient in animals. Group IIB: possibly
carcinogenic; the evidence in humans is limited, and there is not enough evidence with experimental animals. Group III: not classifiable as
a human carcinogen and cannot be included in another group.

Food contamination with mycotoxins has led several countries and organisations to
adopt control of regulations such as the Codex Alimentarius Commission (dependent on
the United Nations), which establishes regulatory methods worldwide [27].

In connection with the intensive farming methods used in the production of food
commodities, herbicides also appear as dangerous contaminants [28,29]. Herbicides are
used to control and eliminate unwanted weeds and grasses from crops. However, their
intensive use generates environmental problems given that a high herbicide contamina-
tion of soils, waters, and manufactured foods is dangerous [30-32]. Thus, the FAO [33],
European Union [34], and Mercosur [35] have legislated tolerable amounts of herbicides in
different foods and beverages to ensure food quality. Herbicides of the triazine family are
widely applied in agricultural products, and their presence in foods or drinking water can
cause harmful health effects such as malformations, cancers, and others [36]. Therefore,
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the development of sensitive and accurate methods for the detection and quantification of
triazine herbicides is very important.

In this sense, electrochemical sensors/biosensors are presented as powerful analytical
tools for the detection and quantification of these compounds related to agroalimentary,
environmental, and health systems. The possibility to combine sensitive electrochemical
techniques and the versatility of electrodes and/or modified electrodes with nanomaterials
and/or biomolecules allows the development of very sensitive and selective devices [37,38].
On the other hand, their performance can be improved using chemometric tools [39]. This
review aims to show on results of the development of electrochemical sensors/biosensors
produced in Argentina in the last decade for the detection and quantification of compounds
related to agroalimentary, environmental, and health systems. A description of the main
advantages and applications is performed.

2. Natural and Synthetic Antioxidants, and Others Phenolic/Polyphenolic Compounds

Electrochemical sensors or biosensors are an excellent alternative to determine the
content of total polyphenols in different samples. In addition, several analytical methods
combining chemometric tools with electrochemical techniques have gained great atten-
tion to determine different analytes in complex matrices by using first-and second-order
data, which allow to obtain a considerable improvement of the performance of a given
electrochemical sensor.

2.1. Electrochemical Sensor

Eguilaz et al. developed an interesting method for the determination of total polyphe-
nolic content in tea extracts [40]. The electrochemical sensor was based on a GCE mod-
ified with a SWCNT dispersion covalently bonding to polytyrosine (Polytyr) (SWCNT-
Polytyr/GCE). Gallic acid (GA) was used as reference analyte. The calibration curve
showed a concentration linear range (CLR) from 5.0 x 1077 to 1.7 x 10~* M, a sensitivity
of (0.518 4 0.005) A M~! ecm ™2, and a limit of detection (LOD) of 8.8 x 10~° M.

Gutiérrez et al. reported the detection of quercetin (QER) using a GCE modified
with MWCNT dispersed in polyethylenimine (PEI) and poly(acrylic acid) (PAA) [41].
Adsorptive stripping square wave voltammetry was used for the detection of QER using an
accumulation time of 1.0 min at open circuit potential. The electrochemical sensors showed
a LOD of 0.2 x 10~ M. Table 2 shows the analytical parameters for each modification of
the electrode surface (with MWCNT dispersed in PEI or PAA). The proposed methodology
was used to quantify QER in presence of an excess of rutin (RUT) in onion samples.

Table 2. Analytical parameters obtained for PEI-MWCNT/GCE and PAA-MWCNT/GCE sensors for the quantification of
QER by adsorptive stripping with SWV detection. See the abbreviation list at the end of the article.

Dispersion Used CLR (M) Sensitivity (uA M~1) LOD M)
PEI-MWCNT 80x10"7t07.0 x 10~ (2.5+0.1) x 100 89 x 1078
PAA-MWCNT 1.0 x 1077 t0 5.0 x 107° (8.7 £0.3) x 10° 7.5 x 1077

Tesio et al. developed an interesting electrochemical sensor for the determination
of the flavonoid luteolin (LUT) in peanut hull samples [42]. The sensor was based on a
GCE modified with a MWCNT/PEI dispersion (MWCNT-PEI/GCE). LUT was oxidised
on MWCNT-PEI/GCE by quasi-reversible surface oxidation showing a defined oxidation
peak centred at 0.680 V. The electrochemical sensor showed a CLR from 2.4 x 1072 to
1.75 x 107° M, a sensitivity of 124 AM~! and a LOD of 5.0 x 10~!9 M. The limit of quan-
tification (LOQ) was 1.5 x 10~ M. The reproducibility of MWCNT-PEI/GCE, evaluated
from the sensitivity of calibration curves using five modified electrodes, shows a relative
standard deviation (RSD) of 8.0%. In addition, repeatability assays yielded a RSD of 7.3%.
The performance of electrochemical sensor was compared with HPLC measurements, being
both values in very good agreement. In addition, Tesio et al. developed an electroanalytical
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method to quantify LUT and RUT simultaneously, which are present in a pharmaceutical
formulation [43]. This method was based on the use of a modified GCE with MWCNT /PEI
dispersion applying adsorptive stripping square wave voltammetry as the electrochemical
technique. LUT and RUT are oxidised to similar potential values producing an overlap-
ping signal. Therefore, the electrochemical signals were processed using artificial neural
networks (ANN). Values of 92.6 & 0.4 and 92 &+ 1 mg per tablet were determined by the
ANN methodology for LUT and RUT, respectively, showing a difference of 7.4% and 8.0%
for LUT and RUT, respectively, according to values declared by the manufacturer. A very
simple extraction step of LUT and RUT of the sample was performed before applying the
electrochemical measurements.

On the other hand, Gomez et al. have developed a method for the determination of
QER in yellow, red, and green onions [44]. The method was based on natural deep eutectics
solvents (NADES) electrolyte combined with unmodified CSPE. The method showed a
wide CLR from 0.016 x 107 ° to 17 x 107®M, and a LOD and a LOQ of 7.9 x 10~° M and
2.6 x 1078 M, respectively. The QER content in onions determined by this method was
compared with those obtained by HPLC. A relative error < 9.5% was obtained showing a
good agreement between both methodologies.

Tonello et al. have simultaneously determined eugenol (EU), thymol (Ty), and car-
vacrol (CAR) in honey samples using square wave voltammetry and ANN [45]. A GCE
was used as a working electrode. The square wave voltammograms showed signals over-
lapping. Therefore, a supervised ANN was adopted for problem modelling. Recovery
percentages (%R) obtained for EU, Ty, and CAR was varied between 87% and 104%, except
for two samples whose values were 136% and 72%. The results obtained indicate a satisfac-
tory applicability of the proposed method. This method is simple, fast, and accurate, and
does not require a previous step of sample preparation.

Robledo et al. have developed a sensor for the determination of total phenolic monoter-
penes in essential oils [46]. The sensor was based on a GCE using linear sweep voltammetry
for Ty and CAR quantification. The standard addition method was not necessary, because
the slopes obtained from the calibration curves in the pure reaction medium and those
obtained from the standard additions method for each essential oil were not significantly
different. A CLR from 8.5 x 107> t0 1.3 x 107> M, and 7.9 x 107 to 1.2 x 107> M were
obtained for Ty and CAR, respectively. In addition, LOD and LOQ of 7.9 x 107> M and
2.2 x 1074 M for Ty, and 8.6 x 107> M and 2.5 x 10~* M for CAR were obtained. The
proposed method is simple, quick, and inexpensive.

Hoyos-Arbelaez et al. have proposed an electrochemical sensor to determine mangiferin
(MG) based on a modified GCE with different types of carbonaceous materials dispersed in
water or Nafion® [47]. The carbonaceous materials used were GO, MWCNT, and SWCNT.
When the GCE was modified with carbonaceous nanomaterial /Nafion dispersions, the
fouling electrode was avoided and an improvement in the diffusion of MG to the elec-
trode surface was reached. Table 3 shows the LOD, LOQ, and coefficient of determination
(R?) values obtained for each carbonaceous material/GCE used to quantify MG. The
GO/Nafion/GCE configuration was the best option for MG determination. These results
suggest that GO/Nafion/GCE is a good analytical tool to quantify MG.

Table 3. Calibration parameters obtained for MG determination by different carbonaceous materials
used in the modification of the GCE. See the abbreviation list at the end of the article.

Modified Electrode LOD (M) LOQ (M) R?
GO/Nafion/GCE 6.3 x 1078 2.1 x 1077 0.9987

MWCNT/Nafion/GCE 1.9 x 1077 6.3 x 1077 0.9965

SWCNT/Nafion/GCE 48 x 1077 1.6 x 107 0.9942

Pierini et al. have developed a new and interesting methodology to detect capsaicin
(CAP) from to increase in the electroactive area of CSPE [48]. The methodology was
based on electrochemical intercalation process in which an electrochemical reaction uses
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an electrolyte as a conducting medium and as an intercalation source, followed by steps of
exfoliation and heating/drying by microwave irradiation (called EDI-SPEs). The increase
in the electroactive area improved the sensibility for CAP determination in Tabasco sauce
samples. A CLR from 5 x 107° to 100 x 107 M and LOD of 0.36 x 107® M were
obtained. Recovery assays were employed in order to validate the methodology. An
average recovery of 95% was obtained, indicating the good performance of the proposed
electrochemical sensor.

Additionally, Pierini et al. developed a novel electrochemical method to determine
taxifolin (TX) in peanut oil samples based on CSPE and adsorptive stripping square wave
voltammetry [49]. The accumulation parameters (accumulation time and potential) were
optimised by using a composite central design (CCD). The pH, supporting electrolyte, scan
rate, and different possible interferents such as daidzein (DZ), QER, t-Res, and CA at two
concentration levels (1 x 107° and 10 x 10~® M) were studied. A CLR from 5 x 1078 to
1 x 107 M, and a LOD of 2.1 x 10~8 M were obtained. A reproducibility of 4.2% was
obtained for the TX determination. The proposed method shows several advantages for
the TX determination with respect to the other electrochemical methods such as a low
reagent consumption (75 uL per sample), absence of electrode cleaning step, possibility of
decentralised analysis, and the use a simple and disposable unmodified electrode.

With respect to synthetic antioxidants, there are many reports within the literature.
Robledo et al. reported a qualitative and quantitative analysis of different mixtures of
synthetic antioxidants in edible oils using square wave voltammetry and Pt band ultra-
microelectrode (UME) [50]. The methodology was based on the comparison of voltammet-
ric signals obtained when different aliquots of tetrabutylammonium hydroxide (TBAOH)
were added to the sample, allowing a qualitative differentiation due to the different acid-
base properties of antioxidants. Binary mixtures of tert-butyl hydroxyanisole (BHA) +
tert-butyl hydroxytoluene (BHT), BHA + propyl gallate (PG), BHA + tert-butyl hydro-
quinone (TBHQ), and BHT + PG as well as the ternary mixtures BHA + TBHQ + BHT and
BHA + BHT + PG were resolved after different extraction steps with acetonitrile. Square
wave voltammograms recorded in the absence and in the presence of different aliquots of
TBAOH allowed the differentiation of the antioxidants added.

Robledo et al. proposed a simple electroanalytical method to determine tocopherols
and BHT in edible vegetable oils based on a carbon fibre (CF) disk, and Pt band UME
by square wave voltammetry [51]. Tocopherol determinations were performed in ben-
zene/ethanol (1:2) + 0.1 M H,SOy + oil samples at a disk CF UME. BHT was determined
in acetonitrile at a Pt band UME after performing its extraction from the oil sample with
acetonitrile. The %R determined by the standard additions method was in the range from
92% to 102%. Antioxidant concentrations calculated were in good agreement with those
values declared by the manufacturers.

Robledo et al. studied electrochemical oxidation of tocopherols at CF disk UME in
benzene/ethanol (2:1) + 0.1 M HySO4 media using square wave voltammetry [52]. As
anodic signals of tocopherol were overlapped, the ANNs method was used as model to
quantify tocopherols in edible oil samples. The %R was between 94 and 99%. In addition,
differences between 1.4 and 6.8% were found for the total tocopherol content in edible oil
samples and the vitamin E content declared by the manufacturer.

Second- and higher-order modelling can exploit the second-order advantage, and
selectively determine the analyte even in the presence of non-modelled constituents. One
of the most powerful chemometric methods which allow for solving this situation is
the multivariate curve resolution-alternating least squares (MCR-ALS). However, only
a few reports combine electrochemical techniques and multiway chemometric methods
for quantitative purposes. Pierini et al. have developed a novel analytical method using
second-order modelling on cyclic voltammograms based on multivariate curve resolution-
alternating least squares (MCR-ALS) [53]. CAR was determined in the presence of Ty
in oregano essential oils, without sample pre-treatment. The heterogeneous reaction of
CAR is a process governed by diffusion. To generate second-order data, the scan rate (v)
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was used as a second instrumental mode and cyclic voltammograms at different v were
acquired for a single sample. The LOD and LOQ were estimated using the MCR-ALS. They
were 6.27 x 107> M and 1.90 x 10~* M, respectively. The developed methodology was
successfully implemented to quantify CAR in oregano essential oil samples.

Many scientific efforts are focused on the development of reliable, fast, sensitive
methods of two compounds of singular interest in the health system: uric acid (UA) and
dopamine (DA). UA is the major hydrophilic anti-oxidative component present in the
blood. Abnormal UA levels indicate signs of gout, kidney, and cardiovascular-related
diseases. Gutiérrez et al. have developed an electrochemical sensor for UA quantification
in the presence of ascorbic acid (AA) [54]. The sensor was based on GCE modified with
MWCNT/PEI dispersion. The electrochemical sensor showed a CLR from 0.5 x 107 to
5 x 107> M, and a sensitivity of (0.72 4+ 0.02) AM~!. The LOD and LOQ were 1 x 1077 M
and 3 x 1077 M, respectively. The R% values between 98 and 105% were obtained for the
determination of UA in urine samples without pre-treatment. DA is the most abundant
neurotransmitter in human brains. It is secreted by the brain, and it has a great influ-
ence on the operation of the central nervous, hormonal, and cardiovascular systems [55].
An improper amount of DA relates to a variety of health issues. Gutiérrez et al. have
developed an electrochemical sensor for the determination of DA in urine samples [56].
The electrochemical sensor was prepared by modifying of a GCE with polylysine (PLys)-
functionalised with SWCNT (SWCNT-PLys/GCE). UA and AA were used as potential
interferents in the determination of DA. The SWCNT-PLys/GCE sensor showed a CLR
from 1.0 x 1077 to 2.0 x 107® M, and a sensitivity of 12.6 A M~!. The LOD and LOQ
were 16 x 1077 M and 48 x 10~? M, respectively. The sensor was used successfully for the
determination of DA in urine samples diluted in phosphate-buffered solution. A %R of
(96 + 9)% was obtained.

Granero et al. have developed an analytical method for simultaneous determination
of AA, UA and DA [57]. The analytical method was based on a model of three-way
calibration using second-order data generated from the combination of forward (oxidation)
and reverse (reduction) currents from squarewave voltammetry. A GCE modified with a
dispersion of electrochemically reduced GO (RGO/GCE) was used. Recovery studies were
performed in order to validate the proposed method using lyophilized samples of human
serum. The %R of the spiked samples were between 92.4 and 120% (for AA, UA, and DA),
showing that the electrochemical sensor is an interesting tool for clinical uses.

The development of analytical methods based on electrochemical sensors has many
advantages over traditional methods. However, some aspects such as the possibility of
passivation of the electrode surface, the overlapping of signals between analytes and
interferents molecules, as well as the effects of the matrix, should be considered in the
construction of electrochemical sensors. At present, there are many possibilities to build
electrodes with different shapes and sizes, that is, UME, disk, band, interdigitated, etc.,
from the use of different materials. The use of new materials of regular or nanometric
size, or an adequate combination of them, allows for solving these problems successfully,
generating an increase in the development of new electroanalytical methods.

Furthermore, the recent increase in the use of both different chemometric tools and
electroanalytical methods was effective in solving problems of signal overlap or matrix effects.

2.2. Electrochemical Biosensors

Granero et al. have developed an amperometric enzymatic biosensor to determine
total polyphenolic content in wine and tea samples [58]. The biosensor was based on
Brassica napus hairy roots peroxidase (PBHR) + ferrocene (Fc) and MWCNT embedded
in a mineral oil (MWCNT + MO) placed inside the cavity of a paste electrode. The
PBHR-Fc-MWCNT + MO/ electrode was covered externally with a dialysis membrane
(cut-off molecular weight 100). The t-resveratrol (t-Res) and caffeic acid (CA) were used as
reference standard compounds. The calibration plots for t-Res and CA showed CLRs from
22 x 1077 t02.28 x 1074 M, and from 3.3 x 10~ t0 3.83 x 10~* M for t-Res (r = 0.9997) and
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CA (r = 0.9999), respectively. The lowest concentration value measured was 0.1 x 107 M
for both t-Res and CA. This biosensor is an excellent tool to determine polyphenols in wine
and tea samples.

On the other hand, Mohtar et al. developed an electrochemical biosensor for the
determination of the total polyphenolic content in propolis samples [59]. The biosensor
was based on the enzyme lacase (Lac) immobilised on AuNPs deposited in a CSPE modified
with polypyrrole (Ppy) (Ppy/Lac/AuNPs/CSPE). The precision of the electrochemical
biosensor was tested with standards of CA of 5 x 107%, 20 x 107°, and 40 x 10~ M
concentrations. The polyphenols assay showed RSD values for within-assay and between-
assay experiments below 4.3% and 6.6%, respectively.

Recently, Lopez et al. have developed an amperometric biosensor to determine EUG
in dental samples [60]. The biosensor was constructed by immobilising a conjugate of
adamantane (ADA) and soybean peroxidase enzyme (SPE) (forming ADA-SPE) on a GCE
modified with a chemically reduced graphene oxide (CRGO) and f3-cyclodextrin (3CDs)
(BCDs-CRGO). In addition, AuNPs were electrogenerated on the surface of the electrode.
Thus, the CRGO-BCDs/ADA-SPE/AuNPs/GCE biosensor was obtained (Figure 1). The
enzymatic biosensor showed a CLR from 1.3 x 1078 M to 1 x 107> M, a sensitivity
of (5.3 £0.3) x 1003 AM™!, and a LOD of 4 x 1072 M. The LOQ was 1.3 x 10~ M.
The reproducibility, expressed as RSD, was 5% and 8% for intra- and interday assays,
respectively. The repeatability, expressed as RSD, was 3%, and it was obtained when the
same biosensor was used. In addition, a stability of at least fifteen days was obtained.
On the other hand, the CRGO-CDs/ADA-SPE/AuNPs/GCE biosensor was used to
determine EUG in samples of products of dental use. The %Rs between 94 and 108% were
obtained, showing the good performance of the biosensor for the determination of EUG.

AuNPs

CRGO-BCD’s

Figure 1. Schematic representation of CRGO-BCD’s/ADA-SPE/AuNPs/GCE biosensor for determination of EUG in

products of dental use.

Table 4 shows other electrochemical sensors/biosensors to detect and quantify natural
and synthetic antioxidants developed in Argentina.

As described above, electrochemical biosensors have numerous advantages over other
analytical tools. The most important advantage is selectivity and sensitivity. First, due to
the fact that biological sensors take advantage of a good selectivity of biomolecules for
a certain substrate. This inherent selectivity of biological molecules makes it be possible
to eliminate or reduce the problems of the damaging effects of interferents or the effects
of the matrix of the sample analysed. Second, electroanalytical techniques are among the
most sensitive. Therefore, the effective combination of biomolecules and electrochemical
techniques allows obtaining very valuable analytical tools.
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Table 4. Electrochemical sensors/biosensor for natural and synthetic antioxidants detection developed in Argentina in the

last 10 years. See the abbreviation list at the end of the article.

Electrochemical Device Analyte LOD Sample Ref.
B-CD/MWCNT/GCE Mangiferin 8.64 x 1077 M — [61]
GCE Propofol 55x%x 1077 M Water [62]
. AA 7.6 x 1077 M Pharmaceutical
Polyhis/MWCNT/GCE Paracetamol 32x1078M formulations [63]
GrPE DA 4x1077M Urine
PPO-GrPE Catechin 82 x 1078 M Tea bag [64]
NAD*/ADH/GrPE Ethanol 56 x 107°M Alcoholic beverages
Bananas, tomatoes,
GCE Tryptamine 8 x 1071'M cheese, and cold [65]
meats
Hx 8§ x 1078 M
EPPGE Xa 6x108M Fish [66]
UA 3x1078M

Polyhis: polyhistidine. 3-CD:

B-cyclodextrin. GrPe: graphene paste electrode. PPO-GrPE: graphene paste electrode modified with

polyphenol oxidase. NAD* /ADH/GrPE: graphene paste electrode modified with alcohol dehydrogenase and cofactor NAD* EPPGE:
edge plane pyrolytic graphite electrode.

Therefore, a very important and crucial step in the construction of electrochemical
biosensors is the immobilisation of biological molecules and the subsequent storage of the
sensor, which allows achieving high selectivity and a longer lifetime. However, the effective
immobilisation of biomolecules on the electrode surface, and the long-term stability of
these sensors is a problem which is not completely resolved. Researchers are making great
efforts to solve this problem.

3. Mycotoxins

Different research groups in Argentina have performed studies related to the devel-
opment of electrochemical sensors, enzymatic biosensors, and immunosensors for the
detection of mycotoxins. Our group produced a large part of them. In this section, a
detailed description of electrochemical sensors/enzymatic biosensors/immunosensors
is made.

3.1. Ochratoxin A

Ochratoxin A (OTA) is one of the most important mycotoxins due to the risk it
presents to human and animals health. OTA is a mycotoxin produced by several species
of the Aspergillus and Penicillium fungi and can be present in different foods such as
grains and manufactured products (pasta, purees, fruit-based beverages such as wine,
apple juice, cider, etc.) [25]. In the last ten years, more than 1600 articles have been
published on different methodologies to quantify OTA in different samples. However, the
development of electrochemical sensors/biosensors for the detection of OTA, using optical,
electrochemical, piezoelectric, etc. transductors is continuous.

Perrotta et al., from Universidad Nacional de Rio Cuarto, developed an electrochemi-
cal sensor for the detection and quantification of OTA in red wines based on the electro-
oxidation of OTA on a gold electrode in 20% acetonitrile + 80% pH 4.00 buffer solution [67].
The sensor was constructed by a cysteamine self-assembled monolayer on gold electrodes.
The cysteamine self-assembled monolayer allowed a greater sensitivity for the detection of
OTA due to an interaction between the mycotoxin and the thiol monolayer through Van der
Waals, resonance, and electrostatic forces and hydrogen bonding. In this work, squarewave
voltammetry was used as electrochemical technique. OTA was oxidised by quasi-reversible
electrochemical oxidation of its electro-oxidation product. The sensor showed a %R of
117% and a %CV of 27% at a level of 0.020 ng mL~!. The LOD and LOQ were 4 pg mL~!
and 12 pg mL~!, respectively. OTA was determined in red wines, where extraction of
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OTA based on double liquid partition L | | L was necessary. The electrochemical sensor
was validated with the Association of Official Analytical Chemists (AOAC) 2001.01 official
method [68]. A comparison by regression lines between methodologies showed a slope of
(0.892 £ 0.038), indicating the good performance of the electrochemical sensor.

Fernédndez-Baldo et al. developed a competitive indirect immunoassay method based
on 3-aminopropyl-modified magnetic nanoparticles (MNPs) as a platform to immobilise
the anti-OTA antibody, incorporated into a microfluidic system for the quantification of
OTA in apples (Red Delicious) contaminated with Aspergillus ochraceus [69]. The LOD
obtained was 0.05 mg kg~!. Moreover, the intra and inter-assay coefficients of variation
were below 6.5%.

Perrotta et al. have developed an electrochemical immunosensor for OTA determina-
tion in red wine samples based on a competitive immunoassay using OTA labelled with
HRP [23]. The electrochemical immunosensor was formed by magnetics beads modified
with G protein, which allowed the immobilisation of anti-OTA monoclonal antibody on
CSPE (Figure 2). The benzoquinone generated in the enzymatic cyclic was reduced on
CSPE by square wave voltammetry. The electrochemical immunosensor showed a very
good performance. A LOD of 4 pg mL~! was obtained, being one of the lowest values
found in the literature. OTA was determined in red wines with a %R between 92 and 110%.
The electrochemical immunosensor was validated with the official method of AOAC [68].
A comparison by regression lines between methodologies showed a slope = 0.95 £ 0.04.

H,0, H,O
Ochratoxin A labelled with HRPA

HRP HRP oy

4y

Benzonquinone  Pyrocatechol

Ochratoxin A

Monoclonal antibody
anti-ochratoxina A

Electrochemical reduction
Magnetics beads

_  Magnet |

Figure 2. Schematic representation of electrochemical immunosensor for OTA determination in red
wine samples.

3.2. Moniliformin

Moliformin (MON) is an emergent mycotoxin and is found in cereals such as maize,
rice, barley, wheat, oats, rye, and triticale [70]. MON is produced by a large number of
Fusarium species [25]. Our group was a pioneer in the development of an electrochemical
sensor for the quantification of MON in corn samples [71]. A complete study on the elec-
trochemical oxidation of MON by cyclic and squarewave voltammetries in acetonitrile was
performed. A complex electro-oxidation mechanism formed by weak adsorption of the
mycotoxin at the GCE and the presence of chemical reactions coupled to the initial charge
transfer reaction was proposed. All thermodynamic and kinetics parameters were calcu-
lated. On the other hand, squarewave voltammetry was used to perform the quantitative
determination of MON, where a LOD of 1 x 107! M was found in pure solvent.

Later, Diaz Toro et al. developed a sensitive electrochemical sensor for the MON quan-
tification in corn samples based on the electrochemical oxidation of MON at cysteamine
self-assembled monolayers/gold electrodes [72]. A LOD of 8.3 x 10~ M (0.1 ppb) and
a RDS% less than 4% were obtained. The performance of the electrochemical sensor was
compared with the HPLC method. A very good agreement was obtained, showing the
good performance of the electrochemical sensor. MON extraction was performed from the
corn sample prior to electrochemical and HPLC measurements. The MON extraction was
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carried out from a solution of acetonitrile: water (84:16). The extract was then evaporated
and dissolved in methanol. This solution was introduced in a strong anion exchange
column. Finally, MON was eluted as a MON-tetrabutylammonium ion pair [72].

3.3. Patulin

Patulin (PAT) is a mycotoxin produced, principally, by fungi of Penicillium, Aspergillus,
and Byssochlamys. PAT is found in a wide variety of foods, such as wheat, nuts, apples,
pears, figs, strawberries, mangoes, oranges, apricots, grapes, bananas, peaches, currants,
cherries, pineapples, plums, blueberries, tomatoes, and cheeses [73]. In addition, PAT is
found in apple and pear manufactured products such as juices, purees, ciders, concentrates,
and compotes [74]. Our group studied the electro-reduction of PAT at GCE in acetonitrile
by cyclic and square wave voltammetries, and controlled potential bulk electrolysis [75]. A
methodology for quantification of PAT in fresh and commercial apple juices was developed.
Calibration curves obtained from solutions of the commercial reagent and commercial
apple juices were linear in the concentration range from 3.0 x 1077 t0 2.2 x 107> M. ALOD
of 3 x 1077 M (45 ppb), and a %R of 84% was obtained for commercial apple juices [75].

On the other hand, Riberi et al. have developed an electrochemical immunosensor
to quantify PAT in apple juice [24]. Since PAT is a small molecule and its labelling with
an enzyme is difficult, an non-competitive electrochemical immunoassay was performed.
This was based on the measurement of the formation of an immunocomplex between
the PAT and an anti-PAT polyclonal antibody immobilised on CSPE modified with GO
(Figure 3). Electrochemical impedance spectroscopy was used as the analytical technique.
The LOD and the concentration of PAT to obtain 50% inhibition (ICsy) were 9.8 pg mL~!
and 360 pg mL ™!, respectively. In addition, a %R of 86% was obtained.

[Fe(CN)e]*  [Fe(CN)e]*

Q\/@YY\P
SO

L%

Glassy carbon electrode modified with graphene oxide

' Patulin Wr Patulin polyclonal antibody

Figure 3. Schematic representation of electrochemical immunosensor for PAT detection in apple

juice samples.

3.4. Citrinin

Citrinin (CIT) is a secondary metabolite produced by fungi of the Aspergillus Monascus
and Penicillium genera, especially P. citrinum, P. verruscosum, and P. expansum [25]. CIT is
considered an emerging mycotoxin; therefore, there are few works related to the develop-
ment of electrochemical sensors/immunosensors for the detection of CIT. Zachetti et al.
developed an amperometric biosensor for the quantification of CIT in rice samples [76].
The biosensor was based on a mixture of MWCNT, mineral oil, HRP, and ferrocene (Fc)
inserted in an inert tube, covered with a dialysis membrane, forming the MWCNT-HRP-Fc
biosensor. CIT is a co-substrate for HRP. Therefore, in the presence of CIT, an increase in
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the reduction current of the ferrocinium ion was observed. The electrochemical biosensor
showed a very good performance. A LOD of 0.25 x 10~ M, and a reproducibility and
repeatability of 7% and 3%, respectively, were obtained.

3.5. Sterigmatocystin

Sterigmatocystin (STE) is a precursor mycotoxin of aflatoxin B;. STE can be present in
different commodities such as peanut, nut trees, cotton, etc. Therefore, early detection of
STE will potentially prevent the occurrence of aflatoxin B; in food samples [25]. Diaz Nieto
et al. have developed a novel third-generation enzymatic biosensor for the determination
of STE in corn samples [77]. The biosensor was based on a composite of chemically reduced
GO (CRGO)/SPE deposited on CGE. The electrochemical biosensor showed a LOD of
2.3 x 1072 M, and a CLR from 6.9 x 107 to 5.0 x 10~7 M. The performance of biosensor
was analysed in corn samples spiked with STE. A %R of 96.5% was obtained. The STE
concentration determined using the biosensor was in very good agreement with that
determined by HPLC.

Other electrochemical immunosensors to detect and quantify mycotoxins developed
in Argentina are listed in Table 5.

Table 5. Electrochemical immunosensors for mycotoxin detection developed in Argentina in the last 10 years. See the

abbreviation list at the end of the article.

Electrochemical Device Mycotoxin Sample LOD Ref.
Immunosensor OTA Grape 0.02¢g kg_1 [78]
Immunosensor ZEA Corn 0.77 pg mL~! [79]
Immunosensor ZEA Feed stuffs 0.41 pg kg{1 [80]
Immunosensor ZEA Corn 0.15pg mL™1 [81]
Immunosensor ZEA Amaranthus cruentus seed 0.57 ng mL~! [82]
Immunosensor CIT Rice 0.1ng mL~1! [83]
Immunosensor ZER Bovine urine 0.01 ng mL~! [84]
Immunosensor ZEN Bovine urine 16 pg mL~! [85]

4. Herbicides

There is interest in the development of new reliable analytical tools for the detection of
herbicides, which are potentially harmful agents for human and animal health, particularly
when herbicides contaminate water sources. This section describes the most relevant
electrochemical immunosensors developed in Argentina for the detection of herbicides.

4.1. Molinate

Molinate (MO) is a moderately toxic herbicide used in flooded rice fields to treat
unwanted weeds. Its drainage towards rivers and lakes generates a growing concern.
We have developed two electrochemical immunosensors using phage particles. First, in
2012, a magneto—electrochemical immunosensor based on a competitive immunoassay
was developed [86]. The anti-MO monoclonal antibody was immobilised on G protein-
modified magnetic particles retained on a CSPE using a high field magnet. The phage
particles have bearing peptides that mimic the MO that compete with the herbicide. An
anti-phage monoclonal HRP-labelled antibody was used to recognise the event as an
enzymatic substrate and co-substrate were used: H,O, and pyrocatechol, respectively. The
electrochemical immunosensor showed a CLR from 0.73 x 1072 to 10 ng mL~!, and a LOD
4.4 pg mL~1. The electrochemical immunosensor was used to quantify MO in river water
samples, showing a %R lower than 110% and %VC lower than 6%.

In 2021, Di Tocco et al. developed an electrochemical immunosensor based on phage
particles bearing a peptide which specifically recognises the MO/monoclonal antibody anti-
MO immunocomplex [87]. The phage was labelled with CdS/3-mercaptopropionic acid
stabilised nanocrystal. The electrochemical immunosensor was based on a non-competitive
immunoassay. A GCE was modified with a polymeric film formed by electro-oxidation
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of p-nitroaniline. Then, the residual nitro group of polymeric film was electrochemically
reduced to form the amine group, allowing covalent binding with the antibody (Figure 4).
Anodic stripping squarewave voltammetry was used to detect Cd>" release from the
nanocrystal. A LOD of 15.4 pg mL~!, and a %R close to 100% were obtained.

A%
MoAb antibody

® vo

Phage particles

l CdS nanocrystal

Electrochemistry oxidation Cd*2
Q

Figure 4. Schematic representation of electrochemical immunosensor for MON detection based on

phage particles labelled with CdS nanoparticles.

4.2. Atrazine

Gonzalez Techera et al. have developed an electrochemical immunosensor to detect
atrazine (AT), which combines the advantages of magneto—electrochemical immunosensors
with the improved sensitivity and direct proportional signal of non-competitive immunoas-
says [88]. This was based on the use of recombinant M13 phage particles bearing a peptide,
which specifically recognises the immunocomplex of AT with an anti-AT monoclonal
antibody. The electrochemical immunosensor reaches a LOD of 0.2 pg mL~!, and was suc-
cessfully used to assay undiluted river water samples without pre-treatment and obtaining
excellent recoveries. Other electrochemical sensors/biosensors to detect other herbicides
developed in Argentina are listed in Table 6.

The electrochemical immunosensors are considered as a powerful tool for the rapid,
selective, sensitive, and low-cost detection of many substances, where a synergic effect
between the electrochemical techniques and the antibodies” activity is reached. Very
sensitive and selective electrochemical immunosensors have been and continue to be
developed, which are in continuous competition with reference techniques such as the
chromatographic ones, particularly HPLC. At present, there are challenges to incorporate
new types of bioreceptors, such as genetically modified nanobodies and antibodies with
an outstanding affinity capacity, which allow to improve the specificity of traditional
antibodies and thus develop more selective and sensitive electrochemical immunosensors,
with versatile detections. However, it is necessary to achieve more stable electrochemical
immunosensors, which allow their manufacture and commercialisation. This point involves
effective and stable forms to immobilise the antibody on the electrode surface, allowing the
least loss of antibody activity.
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Table 6. Electrochemical sensors/biosensors for herbicides detection developed in Argentina in the last 10 years. See the

abbreviation list at the end of the article.

Electrochemical Device Herbicide Sample LOD Ref.
Bismuth film/GCE Atrazine River water 130 ng mL~! [89]
Antimony film/GCE 4,6-dinitro-o-cresol River water 2219 ng mL™1 [90]
GCE electroactivated Amitraz Honey 55.7ng mL~! [91]
MB-DNA-MWCNT/AuNPs/Chit/GCE 4-nonylphenol — 0.77 ng mL~! [92]
CuNPs/CMK-8-CH/SPCE Glyphosate River water 0.09 ng mL~! [93]

Underground and
HRP-GEC-E Glyphosate surface sources of 45ng L1 [94]

water

MB: methylene blue. DNA: deoxyribonucleic acid. Chit: chitosan. CuNPs: copper nanoparticles. CMK-8-CH: mesoporous carbon dispersed

in chitosan. GEC-E graphite ep

oxy compound electrode.

5. Conclusions

Argentina’s economic activity is fundamentally associated with agriculture and its
manufactured products, mainly food. To comply with the legislation of International
Organisations (i.e., MERCOSUR, European Community, FAO, etc.), it is necessary to
study and develop analytical methodologies which allow for ensuring the required quality
parameters. Thus, the Argentina scientific community is in line with the rest of the world
in the development of new electroanalytical methodologies, which compete with the
methodologies imposed by different international organisations to monitor the quality of
different commodities. The aim of this review is to show electrochemical sensor /biosensors
which are more sensitive and reliable than official methodologies, which are based on
mainly chromatographic techniques, developed in Argentina.

This review highlights the efforts made in the last 10 years by different researchers
from Argentina to develop new electroanalytical tools for the detection of a group of sub-
stances that have transversal relevance at a global level, which are related to agroalimentary,
environmental, and health systems in Argentina. The focus is centred on natural and syn-
thetic antioxidants, phenolic compounds, neurotransmitters, mycotoxins, and herbicides.

The goal of electrochemical tools is the adequate combination of the very sensitive
electrochemical techniques with the possibility to develop a highly selective electrode. Very
sensitive and selective electrochemical immunosensors are being developed, which are
in continuous competition with reference techniques such as HPLC. High sensitivity and
selectivity can be achieved with these devices. With respect to the electrode surface, it is
necessary to analyse two aspects: first, the electrode material to be used, its dimensions, and
the modifications that can be performed. Currently, the electrodes are becoming smaller,
tending to miniaturisation, with the advantage of using a lesser amount of reagents and
solvents. On the other hand, the use of screen-printed electrodes is increasingly common
given their low costs and versatility, opening the possibility of generating portable and dis-
posable transducers. With the discovery of new nanomaterials, there are many alternatives
to design new sensors. In addition, these modified electrodes are presented as new plat-
forms which allow for improving the sensitivity and selectivity of electrochemical sensors.
In this sense, the use of different carbonaceous materials to modify electrode surfaces is
still active and showing great advantages. Second, the development of biosensors using
biomolecules such as enzymes and antibodies shows great advantages such as selectivity
and sensibility. Currently, stable fragments of enzymes and antibodies (nanobodies) as
well as peptides expressed in phages are beginning to be used as alternatives that improve
the performance of the resulting biosensors in terms of selectivity, sensitivity, and stability
over the time.

Therefore, electrochemical sensors/biosensors are interesting tools to detect and
quantify different molecules in complex samples. The possibility of working with naked
or modified electrodes with nanomaterials and /or biomolecules is only restricted by the
imagination. On the other hand, the use of chemometric tools is useful to solve complex
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responses, especially when analysing voltammograms presents an overlapping sample
and interfering currents.

The final goal is to achieve the development of reliable, reproducible, and stable
electrochemical sensors/biosensors for the detection of substances of interest, and their
practical application.

One of the most important challenges facing the development of electrochemical
sensors and/or biosensors is to achieve their commercial use. For this, it is necessary
not only to improve the communication between the academic/scientific community
and the industrial sector, but there should also be more personnel trained in the use of
electroanalytical methods.

The impact of new technologies for the manufacture of suitable and more econom-
ically accessible equipment, together with the generation of new materials and the use
of chemometric tools, means that the development of electrochemical sensors and/or
biosensors will continue to grow in the coming years.
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Abbreviations

Electrodes and Materials Herbicides and Enzymes
Carbon fibre CF Atrazine AT
Carbon screen-printed electrode =~ CSPE Molinate MO
Glassy carbon electrode GCE Horseradish Peroxidase HRP
Graphene Gr Laccase enzyme Lac
Graphene oxide GO Polyphenol oxidase PPO
Gold nanoparticles AuNPs Soybean peroxidase enzyme SPE
Multi-walled carbon nanotube MWCNT Mycotoxins
Single-walled carbon nanotube =~ SWCNT Zearalenona ZEA
Ultra-microelectrode UME «-Zearalanol ZEN

Phenolic compounds Moniliformin MON
Ascorbic acid AA Citrinin CIT
Caffeic acid CA Ochratoxin A OTA
Capsaicin CAP Zeranol ZER
Carvacrol CAR Patulin PAT
Daidzein DZ Sterigmatocystin STE
Dopamine DA Analytical parameters and others
Eugenol EUG Limit of detection LOD
Gallic acid GA Limit of quantification LOQ
Hypoxanthine Hx Concentration linear range CLR
Luteolin LUT Relative standard deviation RSD
Mangiferin MG Recovery percentage %R
Propyl gallate PG Coefficient of variation percentage ~ %CV

Quercetin QER Artificial neural networks ANNSs
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Rutin RUT
Taxifolin X
Tert-butyl hydroquinone =~ TBHQ
Tert-butyl hydroxyanisole =~ BHA
Tert-butyl hydroxytoluene BHT
Thymol Ty
t-Resveratrol t-Res
Uric acid UA
Xanthine Xa
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