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Abstract: Mycotoxins and haloanisoles are secondary metabolites produced under special conditions
of temperature and humidity by fungi colonizing a variety of commodities from preharvest up
to consumer use. Ochratoxin A and 2,4,6-trichloanisole are produced mainly by species of the
genus Aspergillus and Penicillium. Ochratoxin A exhibits nephrotic effects and can, potentially, be
associated with human carcinogenesis, whereas 2,4,6-trichloanisole is primarily responsible for cork
taint in wines. This review provides an overview of recent advances in biosensor technology for the
determination of the aforementioned compounds in wine, beer and other beverages, as well as cork
stoppers, which help in establishing and carrying out proper product quality-management strategies.
Such a detailed investigation of biosensor-based detection methods of these toxic compounds in
beverages could lead to the provision of safe-to-consume products, and allow the prioritization of
future research efforts.
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1. Introduction

Various low molecular weight secondary metabolites with properties that are toxic for humans
and animals are produced mainly by fungi of the genera Aspergillus, Penicillium and Fusarium [1,2].
These species grow in cereals, nuts, milk, eggs, dried fruit, coffee, cocoa, spices, oil seeds, beans
and several fruit types (e.g., apples), or sub-products produced from contaminated raw materials
(e.g., wine, beer), as well as cork stoppers [3–5]. For example, over 400 types of mycotoxins are reported
and classified by their structural similarities, their biological source, the moment of production, storage,
transport or processing stages and their toxic effects [1,3]. All mycotoxins are harmful in different
ways, inducing acute and chronic toxicity, such as carcinogenic toxicity, genotoxicity, mutagenicity,
immunotoxicity, nephrotoxicity, hepatotoxicity and even teratogenicity [2,6,7]. In addition, another set
of fungi-derived metabolites, haloanisoles, represent an increasingly serious source of concern for the
deterioration of wine and beverage quality [8].

Modern techniques and good practices of handling and preserving food and feed have been
largely developed in response to planned regulations and to reduce the presence of mycotoxins
and haloanisoles. Many well-established analytical techniques such as high-performance liquid
chromatography (HPLC) or gas chromatography (GC) combined with tandem mass spectrometry
(MS/MS) have been developed for the analysis of the different groups of mycotoxins and individual
haloanisoles [9–11]. Some limitations of these techniques involve high cost, lack of sensitivity
(especially for mycotoxins), time-consuming steps such as field-sample collection, and the need
for skilled technicians. Therefore, there is a necessity for complementary techniques to detect quality
parameters and safety threats in rapid screening.
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Biosensors are analytical devices that convert a biological response into an electrical or optical
signal through the integration of bio-recognition molecules in the construction of sensor design [12–18].
In the present review, we provide an update of emerging principles and methodological approaches
for the detection of ochratoxin A and 2,4,6-trichloroanisole, two major representatives of mycotoxins
and haloanisoles, respectively, being of particular interest for the wine and beverage industry. The
strengths and limitations of these innovative approaches are presented, along with suggestions for
future research.

2. Biosensors for the Detection of Ochratoxin A in Wine, Beer and Other Beverages

Ochratoxins belong to the most important and most commonly occurring mycotoxins [19]. The
most prevalent and relevant fungal toxin of this group is ochratoxin A (OTA). The International
Agency for Research on Cancer has classified OTA in group 2B of substances considered as possible
carcinogens to humans [20]. OTA is a mycotoxin produced mainly by fungi of the genera Aspergillus
and Penicillium under particular environmental conditions. Recent studies have demonstrated that
OTA is frequently present in a series of beverages, particularly green coffee [21–23], beer [24,25] and
wine [26–29]. This mycotoxin is nephrotoxic, hepatotoxic, genotoxic, teratogenic and immunotoxic
to animals and its carcinogenicity in rats and male mice is well-established [30,31]. OTA (Figure 1a)
includes a dihydrocoumarin moiety linked to a molecule of l-β-phenylalanine by an amide bond.
Other compounds of OTA production are the dechlorinated analog ochratoxin B (OTB) (Figure 1b),
the isocoumarin nucleus of OTA ochratoxin α (OTα) (Figure 1d), and its dechlorinated analogue
ochratoxin β (OTβ) (Figure 1e) and ochratoxin C (OTC) (Figure 1c), which is an ethyl ester derivative
of OTA.
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Immunosensors have generated high expectations of providing fast and highly sensitive detection
of food contaminants. In a recent study, two indirect competitive enzyme-linked immunosorbent
assay (ELISA) strategies were used for the development of electrochemical immunosensors based
on different OTA immobilization techniques for the detection of OTA in wine [32]. Immunosensors
based on the immobilization of avidin/biotin–OTA conjugate seemed to have enhanced performance
characteristics compared to those based on the adsorption of bovine serum albumin (BSA)–OTA
conjugate on screen-printed electrode’s (SPE) surface. Monoclonal (MAb) antibodies (clone 5G9)
exhibited at least one order of magnitude lower IC50 values than polyclonal (PAb) rabbit antibodies
against OTA, while PAb gave better reproducibility. The performances of alkaline phosphatase
(ALP)- and horseradish peroxidase (HRP)-labeled secondary antibodies were also evaluated by using
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differential pulse voltammetry (DPV) and chronoamperometry, respectively (CA). Both conjugates
led to similar results when working with OTA standard solutions in buffer, whereas in spiked wine
samples, no significant effect was observed in HRP-labeled immunosensors (4% slope deviation), while
electroactive interferences affected the working potential for ALP-labeled immunosensors (25% slope
deviation). Wine samples were prepared simply by adjusting pH to 7.2–7.4 with polyvinylpyrrolidone
(PVP) for complex polyphenols, without any other clean-up or preconcentration steps. The detection
limit (LOD) was set as 80% of antibody binding, and the HRP- and ALP-labeled immunosensors
gave LOD values 0.7 and 0.3 µg L−1 respectively. No regeneration studies were mentioned in the
published work.

A direct, competitive electrochemical immunosensor assay has also been developed for the
quantitative determination of OTA using Pabs antibodies in Montepulciano d’Abruzzo red wine
samples [33]. The assay was carried out on carbon-based SPEs through the electrochemical detection of
1-naphyhol, the product of the enzymatic reaction of 1-naphthyl phosphate with alkaline phosphatase
(AP). Initially, a goat antibody (anti-rabbit IgG) was immobilized onto the SPE’s surface followed
by the addition of anti-OTA antibody (PAb) (anti-OTA rabbit IgG). Binding or competition studies
were carried out by the addition of OTA–AP conjugate or conjugate/standard. The electrochemical
responses were measured by DPV and showed improved analytical behavior compared to the classical
spectrophotometric ELISA-based assay. After a simple clean-up step, the matrix effect seemed to
have a negative effect on the detection limit (LOD) of the method. The immunosensor assay initially
gave a LOD of 0.18 µg L−1 and a sensitivity (defined as 50% of the inhibition concentration) of
6.1 ± 0.1 µg L−1 for the standard solutions and 0.9 µg L−1 and 1.5 ± 4 µg L−1 for the wine samples,
respectively. Recoveries obtained were between 70–118% with a relative standard deviation range
8.5–26%.

In addition, another direct competitive magnetic bead-based immunosensor was developed for
the determination of OTA in wine samples [34]. Streptavidin-covered magnetic beads (1 ± 0.5 µm
diameter) were functionalized with a Mab against OTA (clone 4F3g2, isotype IgG3/Kappa), and then
left to incubate in a solution of tracer (OTA-HRP) and a range of OTA concentrations (0.1 to 103 µg L−1).
After washing and separation steps assisted by a magnetic field, a volume of the dispersion was put
on SPEs under a magnet and after the addition of the substrate, p-benzoquinone was detected by
DPV. Wine samples were prepared simply by pH adjustment (7.5), with diluted NaOH and PVP. The
immunosensor’s responses after matrix effects studies by spiking red wines of “Campo de Borja” were
compared with those obtained by HPLC coupled to a fluorescent detector (HPLC-FLD). The OTA levels
in two red wine samples after HPLC-FLD analysis ranged from about 2.7 × 10−2–3.3 × 10−2 µg L−1

whereas the immunosensor’s LOD was less than 0.11 ± 0.01 µg L−1 in both wine samples (the
maximum permitted content of OTA by the European Union is <2 µg L−1).

In another work, an integrated lab-on-a-chip system that conjugates an indirect competitive
enzyme-linked immunosorbent assay strategy was developed in polydimethylsiloxane (PDMS)
microfluidics with integrated microfabricated silicon photodiodes for chemiluminescence-based OTA
detection in beer and wine [35]. A two-channel U-shaped microfluidic device with immobilized
OTA-BSA was developed to perform analysis of a reference solution and an OTA-spiked solution
(prepared by liquid–liquid extraction) simultaneously. The OTA molecules in solution compete with
the immobilized OTA molecules in the microchannel (via adsorption of OTA–BSA) for limited rabbit
anti-OTA binding sites. The solutions under analysis incubated with the anti-OTA prior to the insertion
in the microchannel. A secondary HRP labeled anti-rabbit IgG that reacted with luminol was used for
the optical amplification of the signal. This set up proved to efficiently reduce measurement errors
and improve the LOD values of OTA one order of magnitude in beer and red wine extracts. The LOD
obtained for beer extracts was up to 0.073 µg L−1, whereas for red wine extracts a higher LOD of
28 µg L−1 was obtained, indicating a clear influence of the sample matrix. A small sample volume was
used for each assay (10 µL) and the time from the injection of the OTA–BSA solution in the microfluidic
system to the ELISA integrated detection was about 45 min.
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An optical immunosensor for label-free detection of OTA in beer samples has been proposed by
Pagkali et al. [36]. The biosensor consisted of an array of ten monolithically integrated Mach–Zehnder
interferometers (MZIs) along with their respective broad-band silicon light sources on the same Si
chip. The chip was transformed to a biosensor by functionalizing the MZIs sensing arms with an
OTA-ovalbumin conjugate. OTA determination was performed by introducing, into the chip, mixtures
of calibrators or samples with mouse anti-OTA MAb following an additional reaction step with a
secondary goat anti-mouse antibody conjugated with HRP that increased the effective refractive index
and enhanced the sensor’s response. An external miniaturized spectrometer continuously recorded the
transmission spectra of each interferometer, while spectral shifts obtained were transformed to phase
shifts through Discrete Fourier Transform. The assay exhibited a LOD of 2 µg L−1 and a linear range
between 4–100 µg L−1 in beer samples of different types (lager, pilsner, ale, dark), while recoveries
ranged from 90.6–116%. The results obtained with the sensor using OTA-spiked beer samples were
satisfying when compared to those obtained by a commercial ELISA assay. As a mean to suppress
the analysis cost, the potential of regeneration and re-use of biofunctionalized sensor chips was
investigated. Thus, regeneration with 0.1 M HCl for 3 min removed completely the bound antibody
molecules from the chip surface.

Biosensors with quartz crystal microbalance (QCM)-based readout are gaining popularity in
the detection of chemicals and contaminants since they represent noninvasive tools for online
monitoring and quantification of molecular interactions on solid surfaces [37]. A sensor based
on a gold-coated QCM with dissipation monitoring (QCM-D) and immobilized polyclonal rabbit
antibodies against OTA was developed for rapid and sensitive detection in red wine [38]. Thus, the
device was capable of simultaneously measuring frequency (∆f) and dissipation (∆D) changes and
providing detailed information about the mechanical and viscoelastic properties of the biofilm. The
enhancement of the QCM-D signal was obtained by applying goat anti-rabbit secondary antibodies
conjugated with gold nanoparticles (AuNPs). A linear range of 0.2–40 µg L−1 has been achieved with
a LOD value of 0.16 µg L−1. Furthermore, no matrix effects or associated non-specific interactions
with the sensor surface were observed due to a pre-treatment of the wine with the addition of
3% poly(vinylpyrrolidone) (PVP), whereas the sensor was regenerated after 10 min incubation in
glycine buffer.

Electrochemical impedance spectroscopy (EIS) has also proved to be an effective method for
monitoring the interfacial properties of the biochemical process and binding events occurring on the
electrode’s surface e.g., antigen–antibodies conjugation [39,40]. An impedimetric immunosensor
for the fast determination of OTA in red wine samples was developed by using instant
catalyst-promoted precipitation amplification process [41]. Polyclonal anti-OTA antibody (PAb)
and amine-terminated dendrimer (PAMAM) were immobilized on the graphene oxide nanosheets
(anti-OTA-GO-PAMAM-Mn2+) through a covalent reaction, whereas the surface of a glassy carbon
electrode was modified with an OTA–BSA conjugate. Then, a competitive immunoassay was
implemented between the analyte and the OTA–BSA on the electrode’s surface for the anti-OTA
PAb on the graphene oxide nanosheets labels. The anti-OTA-GO-PAMAM-Mn2+ were captured
onto the electrode’s surface, inducing the in situ formation of MnO2 via classical redox reaction
between Mn2+ and KMnO4. Experimental results indicated that the generated MnO2 nanoparticles
on the PAMAM-GO modified electrode could catalyze the 4-chloro-1-naphthol (4-CN) oxidation
without the aid of H2O2 substrate and produce an insoluble precipitation on the electrode that
changed its conductivity. Under optimal conditions, the impedimetric immunosensor displayed a
wide dynamic working range between 10−4 µg L−1 and 30 µg L−1 and the LOD of the assay was
5.5× 10−5 µg L−1. Based on these results, the combined, dual-approach immunosensor performed in a
manner far superior to known immunoassays, at least as much as sensitivity of detection is concerned.
Cross-reactivity studies revealed no significant changes by the presence of other mycotoxins and
the recoveries from spiked red wine samples were found to vary from 96.8% to 106.5% confirming
satisfactory accuracy of the assay.
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Recently, several aptamer-based biosensors (aptasensors) for OTA detection have been reported.
A label-free aptamer-based assay for the highly sensitive and specific detection of OTA in Chinese liquor
(Mao-tai) was developed [42]. The cationic polymer poly-diallyldimethylammonium chloride (PDDA)
was used as a mediator for the aggregation of gold nanoparticles (AuNPs), whereas the OTA aptamer
(5′-CTGGGAGGGAGGGAGGGATCGGGTGTGGGTGGCGTAAAGGGAGCATCGGACACCCG
ATCCC-3′) oligonucleotide was used as a recognition element for the colorimetric detection of OTA.
The reaction solution’s color changes (from red to blue in the presence of OTA) were quantified by
spectroscopic quantitative analysis at 520 nm. The LOD obtained by the colorimetric assay in 1%
liquor was 9 × 10−3 µg L−1 with high selectivity against other interfering toxins, while the entire
assay was completed in less than 30 min.

Another simple and sensitive aptamer-based colorimetric method for the detection of OTA
by using AuNPs has been developed by Yin et al. [43]. The biosensor used a 36-mer aptamer
(5′-GATCGGGTGTGGGTGGCGTAAAGGGACATCGGACA-3′) as bio-recognition element and
unmodified AuNPs as probes. In the absence of OTA, the free aptamer was adsorbed onto the
AuNPs surface, preventing their aggregation even with high concentrations of salt. The specific
recognition of aptamers with OTA induced aggregation of AuNPs and the color turned from red to
blue. The linear range was between 32–1024 µg L−1 and the LOD value obtained was 20 µg L−1. The
colorimetric assay also exhibited high selectivity in the presence of other mycotoxins. Meanwhile,
this strategy was further used to determine the concentrations of OTA in white wine samples with
recovery rates ranging from 100.8–112.5%.

A portable aptasensor for OTA quantification using a structure-switching aptamer
(biotin-AAAAAAGATCGGGTGTGGGTGGCGTAAAGGGAGCATCGGACA) and a commercially
available personal glucometer (PGM) was proposed in a recent study, as an affordable portable device
for home or field use [44]. The proposed system was based on the direct immobilization of the OTA
aptamer onto magnetic beads (MBs) through a streptavidin–biotin reaction without causing any loss of
switching activity. Initially, invertase-labeled competitor DNA (partly complementary to the aptamer)
was hybridized with the aptamer to form a competitor DNA-aptamer-MBs complex. The addition
of OTA triggered the transformation of the aptamer–competitor DNA duplex to the aptamer–OTA
complex and released invertase. The released invertase catalyzed sucrose hydrolysis to glucose, which
was measured by the PGM. The OTA concentration was proportional to glucose concentration. After
optimization of the length and concentration of the competitor DNA the highest structure-switching
activity of the aptamer on the MBs was obtained with the use of competitor-11 nt-OTA aptamer-MBs in
order to improve the detection performance of OTA aptasensor. The optimal pH for sucrose hydrolysis
to glucose was also determined. Under optimal conditions, the LOD in 2% red wine was 3.6 µg L−1

and the aptasensor showed considerable selectivity even in the presence of aflatoxins B1 and B2.
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Additionally, an impedimetric DNA aptamer biosensor onto a gold electrode’s surface has also
been reported [45]. EIS has been used for the determination of the charge transfer resistance (Rct) onto
a gold electrode’s surface, where thiolated DNA OTA aptamers of different configurations have been
immobilized by chemisorption. The redox probe [Fe(CN)6]−3/−4 amplified the affinity interactions
on the electrode’s surface after the addition of OTA. The increase of the OTA concentrations caused
an increase in Rct. The LOD values obtained, ranging from 4.8 × 10−2 to 0.16 µg L−1 depended on
the aptamers’ configuration. The sensor was regenerable at least up to 10 times and after validation
studies in red wine samples the recovery ranged from 78–91%.

Furthermore, many fluorescence-detection devices based on color models have been developed
in order to be utilized as alternative OTA detection methods in beverages by avoiding extensive
pretreatment steps. In a recent study, a portable and low-cost fluorescence setup has been used
to quantify the concentration of OTA in beer and wine samples using an in-house developed
system and different color models [46]. Since it has already been reported that OTA is naturally
fluorescent [47], the researchers used an ultraviolet light at 365 nm in order to excite the samples,
and a Complementary Metal Oxide Semiconductor (CMOS) sensor to photograph the OTA under
excitation conditions, controlled by an executable interface designed in MATLAB. For each OTA
concentration, the coordinates obtained with respect to each model color were plotted to quantify
the mycotoxin present in the sample. This three-color model (red, green, blue: RGB) presented a
proportional relation to the evaluated concentrations without employing any extraction procedure.
The LOD and quantification limit (LOQ) are 2 × 10−3 µg L−1 and 5 × 10−3 µg L−1, respectively, in
beer and wine samples.

Another innovative approach for the quantification of OTA concentrations in beer samples, by
using the smartphone as a fluorescence-measuring device, was described by Bueno et al. [48]. When
the sample was excited with ultraviolet (UV) light, the fluorescence from the sample passed through a
lens to the smartphone camera and was sent by wireless connection to a personal computer. There, the
fluorescence image data from the smartphone camera was analyzed and the images were represented
in their RGB components. No fluorescence was observed for blank solutions, whereas the intensity of
the blue fluorescence of the samples was directly proportional to the OTA concentrations. A graphical
user interface (GUI) in MATLAB was also developed for image processing. The linear range of the
developed system was between 2–20 µg L−1 and the LOD value was 2 µg L−1, which is comparable
with similar commercial equipment that also employs a smartphone as a power source.

A comparative summary of the available biosensors for ochratoxin A detection in wine and beer
samples is presented in Table 1.
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Table 1. Comparative overview of current biosensor technologies and/or concepts for the detection of OTA in wine and beer samples.

Biorecognition Element Assay Concept Sensitivity (LOD µg L−1)
European MRL = 2 µg L−1 Selectivity Speed Quantitative

Determination

Sample
Pretreatment

Required

Ease of
Handling References

Antibody (polyclonal and monoclonal) Electrochemical 0.7 & 0.3 Yes <1 h Yes Yes Yes [32]
Antibody (polyclonal) Electrochemical 1.5 Yes >day Yes Yes Yes [33]

Antibody (monoclonal) Electrochemical 0.11 Yes >day No Yes Yes [34]
Antibody (polyclonal) Optical (Microfluidic) 0.073–28 Yes >1 h Yes Yes Yes [35]

Antibody (monoclonal) Optical 2 n/a * >1 h Yes Yes Yes [36]
Antibody (polyclonal) QCM-Dissipation monitoring 0.16 n/a <1 h Yes Yes Yes [38]
Antibody (polyclonal) Electrochemical impedance spectroscopy 0.000055 Yes >1 h Yes Yes Yes [41]

Aptamer Optical (AuNPs) 0.009 Yes <1 h Yes Yes Yes [42]
Aptamer Optical (AuNPs) 20 Yes <1 h Yes n/a Yes [43]
Aptamer PGM 3.6 Yes >1 h Yes Yes Yes [44]
Aptamer Electrochemical impedance spectroscopy 0.048–0.16 Yes >1 h Yes n/a Yes [45]

- Optical (CMOS) 0.002 n/a <20 min Yes No Yes [47]
- Optical (Smartphone) 2 n/a <20 min Yes No Yes [48]

* n/a: Not available.
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3. Biosensors for the Detection of Haloanisoles in Wine and Beverages

Haloanisoles, mainly 2,4,6-trichloanisole (2,4,6-TCA) and, to a lesser degree, 2,4,6-tribromoanisole
(2,4,6-TBA) and the precursor compound 2,4,6-trichlorophenol (TCP) (Figure 2), are metabolites
produced in cork following infection by fungi belonging to the genus Aspergillus, such as A. versicolor
and A. oryzae. Among other fungal species able to convert 2,4,6-TCP to 2,4,6-TCA are Actinomyces sp.,
Cladosporium cladosporioides, Fusarium asiaticum and Talaromyces pinophilus [49]. Due to their high
hydrophobicity, haloanisoles are readily soluble in wine and other alcoholic beverages, albeit in
very small concentrations. Even so, they are responsible, as off-flavor compounds, for the so-called
“cork taint”, a moldy olfactory effect that is acutely associated with inferior beverage quality and
possible carcinogenicity after long-term exposure [50–52]. The olfactory properties of TCA have been
experimentally ascribed, at least in part, to the suppression of cyclic nucleotide-gated (CNG) channels
in olfactory receptor cells (ORCs), leading to the reduced perception of odors [53]. More analytically,
the membrane current of single ORCs, enzymatically derived from the olfactory epithelium of the
newt (Cynops pyrrhogaster), was measured using a whole-cell patch-clamp set up and after loading cells
with caged cAMP or Ca2+ with or w/o the addition of TCA. It was shown that even an extremely low
TCA concentration (one aM, roughly containing just a single TCA molecule) is enough to significantly
suppress cAMP-mediated transduction currents.

Beverages 2018, 4, x  8 of 20 

3. Biosensors for the Detection of Haloanisoles in Wine and Beverages 

Haloanisoles, mainly 2,4,6-trichloanisole (2,4,6-TCA) and, to a lesser degree, 2,4,6-tribromoanisole 
(2,4,6-TBA) and the precursor compound 2,4,6-trichlorophenol (TCP) (Figure 2), are metabolites produced 
in cork following infection by fungi belonging to the genus Aspergillus, such as A. versicolor and A. oryzae. 
Among other fungal species able to convert 2,4,6-TCP to 2,4,6-TCA are Actinomyces sp., Cladosporium 
cladosporioides, Fusarium asiaticum and Talaromyces pinophilus [49]. Due to their high hydrophobicity, 
haloanisoles are readily soluble in wine and other alcoholic beverages, albeit in very small concentrations. 
Even so, they are responsible, as off-flavor compounds, for the so-called “cork taint”, a moldy olfactory 
effect that is acutely associated with inferior beverage quality and possible carcinogenicity after long-term 
exposure [50–52]. The olfactory properties of TCA have been experimentally ascribed, at least in part, to 
the suppression of cyclic nucleotide-gated (CNG) channels in olfactory receptor cells (ORCs), leading to 
the reduced perception of odors [53]. More analytically, the membrane current of single ORCs, 
enzymatically derived from the olfactory epithelium of the newt (Cynops pyrrhogaster), was measured using 
a whole-cell patch-clamp set up and after loading cells with caged cAMP or Ca2+ with or w/o the addition 
of TCA. It was shown that even an extremely low TCA concentration (one aM, roughly containing just a 
single TCA molecule) is enough to significantly suppress cAMP-mediated transduction currents. 

 
Figure 2. Structures of 2,4,6-trichloanisole (2,4,6-TCA) (a) and the structurally related/co-occuring 2,4,6-
tribromoanisole (2,4,6-TBA) (b) and 2,4,6-trichlorophenol (TCP) (c). 

Routine determination of 2,4,6-TCA in cork and wine is done either by sensorial or chromatographic 
methods [54]. The first approach is entirely subjective and exclusively qualitative, though very fast and 
inexpensive. Additional limitations of the sensorial evaluation relate to panelist fatigue, differing levels of 
sensitivity, professional experience and substrate influence [8]. For example, an increased alcohol content 
may reduce TCA volatility and, consequently, perception. Also, sensitivity of detection in white wines is 
reported to be double than in red ones, revealing a strong matrix effect. On the other hand, chromatography 
offers many capabilities, such as higher sensitivity and resolving power, as well as the capacity to 
determine co-occurring compounds. The current golden standard in TCA analytics is gas chromatography 
coupled with mass spectrometry (GC-MS) or with electron capture detector (GC-μECD), the latter 
approach being more suitable for quantification [55–57]. This is due to the fact that, as a chromatography 
separation method, GC-MS offers a larger number of theoretical plates, while ECD has been identified as 
the most selective detector for halogen-containing analytes. Irrespective of the configuration of the 
analytical set up, major drawbacks of the chromatographic approach relate to the requirement for 

Figure 2. Structures of 2,4,6-trichloanisole (2,4,6-TCA) (a) and the structurally related/co-occuring
2,4,6-tribromoanisole (2,4,6-TBA) (b) and 2,4,6-trichlorophenol (TCP) (c).

Routine determination of 2,4,6-TCA in cork and wine is done either by sensorial or
chromatographic methods [54]. The first approach is entirely subjective and exclusively qualitative,
though very fast and inexpensive. Additional limitations of the sensorial evaluation relate to
panelist fatigue, differing levels of sensitivity, professional experience and substrate influence [8].
For example, an increased alcohol content may reduce TCA volatility and, consequently, perception.
Also, sensitivity of detection in white wines is reported to be double than in red ones, revealing a
strong matrix effect. On the other hand, chromatography offers many capabilities, such as higher
sensitivity and resolving power, as well as the capacity to determine co-occurring compounds. The
current golden standard in TCA analytics is gas chromatography coupled with mass spectrometry
(GC-MS) or with electron capture detector (GC-µECD), the latter approach being more suitable for
quantification [55–57]. This is due to the fact that, as a chromatography separation method, GC-MS
offers a larger number of theoretical plates, while ECD has been identified as the most selective
detector for halogen-containing analytes. Irrespective of the configuration of the analytical set up,
major drawbacks of the chromatographic approach relate to the requirement for considerable sample
pretreatment and cork extract concentration in order to yield as much releasable TCA as possible
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from corks. A 24-h extraction of cork in 12% aqueous-alcoholic solution or white wine of similar
alcoholic strength is considered the acceptable protocol as defined by both ISO20752:2014(E) and
OIV-MA-AS315-16 standards [58,59]. Beyond this considerably time-consuming step, additional
sample processing (e.g., clean-up, halophenol derivatization) may be required. Techniques to improve
the quantification of releasable TCA from cork stoppers include headspace solid-phase microextraction
(HS-SPME) [60] and improved extraction methods with drastically reduced extraction time and solvent
consumption, such as solid-phase microextraction (SPME) [61], supercritical-fluid extraction (SFE) [62],
cloud-point extraction [63] and pressurized-liquid extraction (PLE) [64], with a dynamic extraction
duration of 4–15 min. An excellent review of current haloanisole determination methods is provided by
Tarasov et al. [65]. Apart from the time required for sample pretreatment and the analysis itself (at least
30 min), chromatographic methods are usually expensive and can be only applied in a dedicated
laboratory, requiring considerable investment in sophisticated equipment and trained personnel.

From a strict point of view, there are very few reported approaches to biosensor-based detection of
TCA and other haloanisoles and/or halophenols in cork, wine and other beverages. Related research
has been focused on bioanalytical methods employing either antibodies, cells or their combination as
biorecognition elements or non-invasive optical-detection principles.

The development of the first competitive immunoassay for TCA by Sanvicens et al. [66,67]
could be considered as the first step towards the establishment of a bioanalytical method in this
specific area of application. This was achieved by raising female New Zealand white rabbit polyclonal
antibodies against three immunizing haptens, with the best results (IC50 < 10 µg L−1) derived from
the hapten (hapten C) (Figure 3) better preserving the geometry of TCA, defined by the methoxy
group and the two chlorine atoms in ortho, therefore ensuring the greatest exposure to the animal
immune system. There were several issues regarding the efficiency of the immunoassay, in particular
limited reproducibility (with a standard deviation of at least 22% between tests conducted on different
days), deviation from the standard curve (the so-called Hook effect) and considerable lipophilicity
(log P = 4.11), which dictated limitations in the type of solvents (optimally DMSO or dioxane),
detergents (minimum use of Tween 20) and labware material (less preferably plastic) used. The
polyclonal antibody contained in antisera As76/C14-CONA (pAb76) was identified as the optimum
compromise between sensitivity of detection (2.66 + 2.88 µg L−1) and reproducibility (106%) and
thus was used in further studies. From a practical point of view, several additional parameters have
been validated as possibly affecting the performance of the immunoassay, including, but not limited
to, the number of freeze–thaw cycles (negative effect), the length of the incubation period (with an
optimum time of 20 min), pH (with an optimum range of 7.5–8.5) and matrix (in particular, white
vs. red wine). In spite of these limitations, the immunoassay performed outstandingly in terms of
selectivity (with minimum cross-reactivity by structurally related and co-occurring compounds such
as di- and tetrachloroanisole and di- and tetrachlorophenol) and accuracy against standard solutions of
the target compounds. The immunoassay was also validated with white and red wines analyzed with
SPME-GC-MS to ensure the absence of TCA, i.e., only the matrix effect was investigated on the general
performance of the assay. It was found that considerable interference was caused by the wine matrix,
which was fivefold higher in red wines compared to white ones, thus necessitating the dilution of the
sample. However, no validation of the method with commercial samples was carried out. Hence, the
usefulness of the immunoassay approach should be viewed on the level of proof-of-concept.
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The same PAb developed by Sanvicens et al. has been utilized in yet another, disruptive
biosensor-based approach, originally developed by Varelas et al. [68]. In this case, cellular
biorecognition elements with a highly selective response against TCA were created by the osmotic
insertion of PAb76 into the membrane of immortalized hamster adult kidney (HaK) cells, immobilized
in an alginate gel matrix. This approach was applied according to the concept of the technology of
molecular identification through membrane engineering [69–71], whereas binding of the antigenic
part of the target analyte on the membrane-bound antibody will cause a considerable, specific and
readily measurable change of the engineered cell’s membrane potential. In turn, this change can be
measured with established electrophysiological techniques, in particular the practically applicable
bioelectric recognition assay (BERA) [72–74], a method based on the measurement of the bioelectric
properties of a cluster of cells, usually gel-immobilized. Under the experimental conditions applied
in [68], a very low limit of detection (0.1 ppt) was achieved for TCA, a value that is lower than the
human sensory threshold concentration. It was shown that the response of membrane-engineered cells
to increasing TCA concentrations was partly due to the depletion of their intracellular Ca2+ stores,
while the overall assay was completed in just five minutes. At the same time, a linear response of
pAb76 antibody-engineered HaK cells was observed against TCA. On the other hand, non-engineered
cells also responded to the target analyte, albeit in a non-linear fashion, possibly due to the direct
binding of the lipophilic haloanisole molecules on the cell membrane. At a given, relatively high
concentration of 10 ppm, no interference was observed between the detection of TCA and structurally
related and/or co-occurring compounds such as 2,4,6-trichlorophenol (TCP), 2,4,6-tribromoanisole
(TBA), 2,6-dichloroanisole (2,6-DCA), 2,3-DCA, 3,5-DCA and 2,3,4,5-tetrachloroanisole (TeCA). This
novel approach has been validated in a double-blind trial against a series of white and red wines
of Spanish origin (analyzed in parallel with SPME-GC-MS) in the framework of the FOODSCAN
project (foodscan.net). A high correlation (93%) was determined between the biosensor-based and
chromatography analysis.

A considerable improvement of the BERA-based approach was reported by Apostolou et al. [75]
who modified the protocol of Varelas et al. [68] by electroinserting (instead of osmotically handling)
Monkey African green kidney (Vero) cells with the same antibody (PAb76). In addition, cells were
non-immobilized (i.e., in suspension) so that direct contact with the potential measuring electrode
was established (Figure 4). The entire biosensor set-up was redesigned into a portable, essentially
handheld screener (Figure 5). By using the modified system, it was able to directly detect TCA in
cork detritus, without any sample extraction at all. Similarly, to the previous approach, ultra-rapid
(3 min) and sensitive (2× 10−4 µg L−1) detection was achieved. This innovative method was validated
in a double-blind trial on a large number of cork samples. A very high correlation (r2 = 0.9864)
was observed between results obtained with the novel biosensor and standard chromatographic
analysis performed in an independent, certified laboratory according to ISO Standard 20752:2007 and
OIV’sResolution 296/2009. Consequently, this achievement could represent a disruptive change in
cork-quality screening. However, a possible limitation of the BERA-based approaches is the rather
limited range of detectable TCA concentrations (up to 0.014 µg L−1), since higher concentrations would
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act as toxicants to the cellular biorecognition elements. Quite recently, Tarasov et al. [65] published
a critical review of the merits and possible restrictions of the applicability of BERA-based biosensor
approaches for screening corks for haloanisoles. They emphasized on the potential of the method
as an outstanding tool for the express, sensitive and low-cost on-site screening of the cork material,
even though not yet suitable for the derivation of quantitative results. Beyond membrane-engineered
cells with designed selectivity, cellular biorecognition elements having a natural response against
haloanisols (e.g., cells expressing olfactory receptors [53]) could also be used as part of an improved
bioelectric recognition biosensor for TCA determination. That said, the broader use of cell-based
biosensors faces additional challenges, for instance cell handling and storage, which could render
problematic their use in automated screening system.

Beverages 2018, 4, x  11 of 20 

based approaches is the rather limited range of detectable TCA concentrations (up to 0.014 μg L−1), since 
higher concentrations would act as toxicants to the cellular biorecognition elements. Quite recently, 
Tarasov et al. [65] published a critical review of the merits and possible restrictions of the applicability of 
BERA-based biosensor approaches for screening corks for haloanisoles. They emphasized on the potential 
of the method as an outstanding tool for the express, sensitive and low-cost on-site screening of the cork 
material, even though not yet suitable for the derivation of quantitative results. Beyond membrane-
engineered cells with designed selectivity, cellular biorecognition elements having a natural response 
against haloanisols (e.g., cells expressing olfactory receptors [53]) could also be used as part of an improved 
bioelectric recognition biosensor for TCA determination. That said, the broader use of cell-based biosensors 
faces additional challenges, for instance cell handling and storage, which could render problematic their 
use in automated screening system. 

 
Figure 4. Direct contact between the cell suspension of pAb76-membrane-engineered Vero cells and the 
screen-printed working electrode. 

 

Figure 5. The handheld TCA screener with the disposable eight-channel electrode strip attached to the main 
measuring unit. 

  

Figure 4. Direct contact between the cell suspension of pAb76-membrane-engineered Vero cells and
the screen-printed working electrode.

Beverages 2018, 4, x  11 of 20 

based approaches is the rather limited range of detectable TCA concentrations (up to 0.014 μg L−1), since 
higher concentrations would act as toxicants to the cellular biorecognition elements. Quite recently, 
Tarasov et al. [65] published a critical review of the merits and possible restrictions of the applicability of 
BERA-based biosensor approaches for screening corks for haloanisoles. They emphasized on the potential 
of the method as an outstanding tool for the express, sensitive and low-cost on-site screening of the cork 
material, even though not yet suitable for the derivation of quantitative results. Beyond membrane-
engineered cells with designed selectivity, cellular biorecognition elements having a natural response 
against haloanisols (e.g., cells expressing olfactory receptors [53]) could also be used as part of an improved 
bioelectric recognition biosensor for TCA determination. That said, the broader use of cell-based biosensors 
faces additional challenges, for instance cell handling and storage, which could render problematic their 
use in automated screening system. 

 
Figure 4. Direct contact between the cell suspension of pAb76-membrane-engineered Vero cells and the 
screen-printed working electrode. 

 

Figure 5. The handheld TCA screener with the disposable eight-channel electrode strip attached to the main 
measuring unit. 

  

Figure 5. The handheld TCA screener with the disposable eight-channel electrode strip attached to the
main measuring unit.



Beverages 2018, 4, 24 12 of 20

Direct electrochemical detection of TCA is another methodological approach with promising
perspectives for practical application, at least in terms of speed and, possibly, reduced requirements
for sample pretreatment. Moore et al. [76] prepared immunoelectrodes by adding a drop of 5 µL of
7.5 µg mL−1 of pAb76 [66] onto the surface of a carbon screen-printed working electrode. Following
incubation (one hour at room temperature), washing away of unbound IgG and blocking of the
electrode surface, the electrodes were immersed in 150 µL of a 1:1 mixture of TCA hapten-AP
(3.5 µg/mL) and the TCA analyte. Amperometry experiments were carried out at +300 mV vs.
Ag/AgCl. Reproducible determination of TCA was possible only in a buffer matrix with a LOD of
0.029 µg L−1, (considerably higher than the set limit for rejection). In addition, it was not possible
to apply the method in wine samples, since the wine matrix inhibited the competition reaction.
An electrochemical displacement immunoassay for TCA was reported by Duarte et al. [77], based on
the use of the sub-optimum antigen 3-chloro-2-methylphenoxyacetic acid (H3) which was labeled
by conjugation to HRP. Binding of the H3-HPR conjugate to a commercial anti-TCA MAb produces
a signal which is lost upon displacement of the sub-optimum antigen by TCA. Immunoelectrodes
were prepared first by immersion of gold electrodes in 3-mercaptopropionic acid to facilitate the
formation of thiol-based self-assembled monolayers (SAMs), then acquiring a copper monolayer
which was deposited on gold by means of underpotential deposition (UDP) via reductive linear-sweep
voltammetry, a process creating more reproducible copper surfaces. Copper-coated electrodes were
finally immersed in H3-HPR (30 min). Electrochemical measurements of the concentration of the H2O2

substrate were carried out at +100 mV vs. Ag/AgCl. In the framework of this proof-of-concept study,
an LOD of 200 µg L−1 of TCA and good discrimination against the interferant TCP were achieved.
Finally, Peres et al. [78,79] reported the use of cyclic voltammetry (CV) for determination of TCA
in aqueous cork extracts, resulting from the immersion of cork planks in boiling water (60 min),
which is a standard component of commercial cork processing. Tetrabutylammonium perchlorate
(TBAP, 0.1 M) was used as the supporting electrolyte in order to increase current intensity. CV was
performed in a mixture of acetonitrile:water (3:2 v/v) with a silver working electrode. Two cycles
were performed, being the cyclic voltammograms recorded from −2.0 to 1.6 V, at a potential scan
rate of 100 mV/s. with fairly low detection (LOD = 3.17 × 10−4 ± 0.01 µg L−1) and quantification
limits (LOQ = 9.57 × 10−4 ± 0.05 µg L−1), and intra-day repeatability lower than 3%. Although a
concentration-dependent biosensor response was observed up to 5.2 × 10−2 µg L−1 of TCA, a linear
pattern could be established only in the narrow range of 1.2× 10−2–5× 10−2 µg L−1. On the other hand,
good correlation was observed between the CV-based approach and results obtained with GC-MS as a
reference method, according to the methodology described in ISO 20752:2007 Standard and in OIV’s
Resolution 296/2009, even though no double blind trial was carried out in an independent laboratory.
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An entirely different analytical concept was tested by Garcia et al. [80] who applied attenuated
total reflection infrared spectroscopy (ATR-IR), combined with multivariate statistics linear analysis
(LDA), for the direct detection of TCA in corks. Their methodology was based on the measurement
of three groups of strong bands in the cork IR spectrum, namely at 2900–3200, ~1600–1370 and
~1000–600 cm−1. The occurrence of TCA was identified mainly by the presence of two new bands at
1417 cm−1 and 1314 cm−1, corresponding to respective vibrational shifts of the C=C and CC bonds of
the TCA structure, as well as an increased relative intensity of the spectral region between 950 cm−1 and
800 cm−1 (CCl bonds). In spite of the preliminary, proof-of-concept and strictly qualitative character
of this method, its non-invasive character renders ATR-IR an attractive perspective for automated,
high throughput, in-line cork screening. One possible limitation to the broader acceptance of this
approach is its more restrictive nature leading to a higher percentage of cork rejection compared to
other methods.

A comparative summary of the available biosensors for TCA detection is presented in the
following table (Table 2). It must be emphasized that the majority of reported biosensor-based
approaches are still in the stage of proof-of-concept, with limited testing on real samples. Even
methods that have been properly validated with reference chromatographical methods (such as
the BERA-based systems) have not yet been widely used in order to fully investigate the scope
and limits of their practical application. Therefore, among the top priorities for future biosensor
development for the detection of haloanisoles is the improvement of quantitative response, portability
and minimizing requirements for sample extraction and concentration methodologies. However,
what is even more important, is the efficient compatibility of innovative biosensor systems with the
already used automated instrumentation for cork quality screening, for the identification of defects
in the cork structure. Based on our profound knowledge on the TCA analytical technologies and
the related business needs, we strongly believe that the time is ripe for a major upgrade in the cork
industry. However, progress in the amelioration of the widely used routine chromatographic analytical
methods should not be disregarded; in contrast, direct, often non-destructive [81], solvent-free cork
analysis methods [82–84] based on analyzing gases emitted from corks (usually heated by means of
microwave radiation [57,85] or supercritical fluid extraction [63]) in combination with miniaturization
of chromatography equipment can offer high recoveries and good reproducibility, even at the expense
of speed and full portability.
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Table 2. Comparative overview of current biosensor technologies and/or concepts for the detection of 2,4,6-TCA in cork, wine and water samples.

Biorecognition Element Assay Concept Sensitivity (LOD µg L−1) Selectivity Speed Quantitative
Determination

Sample Pretreatment
Required

Ease of
Handling References

Antibody (polyclonal) Optical 2.66 & 2.88 Yes >1 d Yes Yes Yes [67,68]
Antibody (polyclonal) Electrochemical 0.029 Yes >1 d No Yes Yes [76]

Antibody (monoclonal) Electrochemical 200 Yes >1 h Yes Yes Yes [77]
Cell (membrane engineered

with antibodies) Bioelectric 0.001 Yes <1 h Yes No Yes [68,75]

- Electrochemical 0.00031 Yes <1 h Yes Yes Yes [78,79]

-
Optical (attenuated total

reflection infrared
spectroscopy (ATR-IR))

n/a * n/a <1 h No No Yes [80]

* n/a: Not available.
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4. Conclusions

The global market of food analysis demands reliable, inexpensive methods for determining
mycotoxin and haloanisole residues in beverages [5,23,56]. Biosensors are ideal candidates for
evaluating beverage quality in terms of presence of contaminants. Emerging technologies have
been developed for the assessment of numerous target compounds in various commodities. Biosensors
would introduce a revolutionary technology as alternatives to conventional analytical methods
(e.g., HPLC, GC and MS/MS) due to the various advantages they possess. They hold the promise
to perform high-speed measurements, (from minutes to a few hours), they have high specificity and
sensitivity (in nanomolar and sometimes femtomolar ranges), and can be automated (at least on a
conceptual basis), giving the potential for real-time and on-line measurements along the production
chain [12,14]. It should be mentioned, however, that this estimation is based on published data from
original research mainly conducted in a controlled laboratory environment; the real applicability of
said novel biosensor approaches and technologies should be validated on actual samples and, more
importantly, in an end-user, commercial setting.

As indicated by the references in Table 1, different types of multiplexed sensors for the detection of
ochratoxin A in beverages have been rapidly developed during the past 5 years. Immunosensors using
enzymatic labels (e.g., HRP, AP) tend to be sensitive because of the potential for significant amplification
provided by the enzyme. They also tend to use commonly available optical or electrochemical readers
that are relatively inexpensive [32–36]. The downside to these immunoassays is that most require
additional steps (e.g., washing, adding substrate and/or mediator) that are avoidable with certain other
formats. These steps add time, and this is one reason for the continued development of non-enzymatic
labels and label-free devices in order to achieve portability of the devices [47,48]. These disadvantages
can be also overcome with the use of aptamer nucleotide sequences and AuNPs labels that are able
to discriminate between various toxin categories [42–45]. However, for the time being, such formats
tend to require expensive, laboratory-based equipment that requires significant technical training
to operate.

In the case of haloanisoles, in particular TCA, the majority of reported biosensor-based approaches
are still at the stage of proof-of-concept and require considerable validation and, probably, optimization
before being applicable for routine use as screening tools. Based on available research results, the
wine matrix may present a considerable interferant for immunoassay-based methods [61]. With the
exception of cell-based assays, biosensors for TCA detection need to be improved in terms of sensitivity.
On the other hand, they seem to promise superior speed, cost-efficiency and ease of handling compared
to conventional methods of analysis. These factors may be of commercial significance considering the
scale of analytical demand by the respective industry.

Further detailed research is needed for the commercialization of biosensor technology. Biosensors
could be improved by the development of new bio-recognition elements. Recent advances in
bioinformatics technology could enhance knowledge on the biocomponent/transducer interface and
contribute to the design of new bio-recognition elements. Moreover, the evolution of synthetic biology
that enables us to modify the genetic code of biological systems and to reprogram them to perform new
tasks will help us to overcome challenges such as lowering the detection limits, increasing sensitivity,
and lowering production cost. In addition, synthetic materials, genetically-engineered molecules,
aptamers and artificial membranes have recently received great attention as novel biosensing materials
with improved performance and/or additional functions [15,16]. Poor stability of biological molecules
could be overcome by developing artificial molecular recognition elements with the desired selectivity
and sensitivity towards various compounds. Nonetheless, information and communication technology
in biosensing applications could provide the construction of biosensor-embedded systems for the
integration of biological components with transducers, microfluidics, and network systems [48].
Automated systems and wireless technologies can be small, inexpensive and sustainable in energy use,
reducing costs and significantly improving food production and quality.
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