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Ochratoxin A (OTA), a highly toxic compound, is one of the most widely spread mycotoxins that contaminates a
large variety of agricultural commodities. Due to its presence in the food chain, it imposes a hazard on both
human and animal health. Therefore, there is a need for precise, fast and simple methods for toxin
quantification. Herein, a novel sensor based on a quartz crystal microbalance with dissipation monitoring
(QCM-D) and antibodies for specific analyte recognition was developed for rapid and sensitive detection of OTA
in red wine.

The combination of indirect competitive assay with QCM-D gives a straightforward device, which can
simultaneously measure frequency (Af) and dissipation (AD) changes resulting in detailed information about
the mass attached to the sensor surface as well as conformational changes, viscoelastic properties and the
hydration state of the film.

Small molecules (such as OTA) suffer from poor LOD due to the high concentration of primary antibody
needed to generate adequate signal. In the present study, amplification of the QCM-D signal was obtained by
applying secondary antibodies conjugated with gold nanoparticles (AuNPs).

Thanks to this, a linear detection range of 0.2—40 ng mL™' has been achieved with an excellent LOD of
0.16 ng mL ™" which is one order of magnitude lower than LOD specified by European Union legislation

concerning the limit of OTA in food.

Moreover, a matrix effect (caused by the occurrence of polyphenols in wine) and associated non-specific
interactions with the sensor surface was completely eliminated by a simple pre-treatment of the wine with the
addition of 3% poly(vinylpyrrolidone) (PVP).

1. Introduction

Ochratoxins are a group of highly toxic fungal secondary metabo-
lites produced mainly by Aspergillus (chiefly A. ochraceus and A.
niger) and some Penicillium species (P. verrucosum and P. carbonar-
tus) [1]. The most ubiquitous and toxic Ochratoxin occurring in
agricultural products is Ochratoxin A (OTA). Other structurally related
Ochratoxins (Ochratoxin B, C, a and ) are much less harmful or even
do not exist in food [2]. The worldwide OTA occurrence in a broad
range of raw and processed food commodities e.g. cereals, wine, coffee,
dried fruits, beer, cocoa, nuts, beans, peas, bread and rice has already
been amply described [3—-6].

Studies show that this molecule can have several toxicological
effects such as nephrotoxicity, hepatotoxicity, neurotoxicity, terato-
genicity and immunotoxicity [2]. It is also suspected of being the main
etiological factor responsible for Balkan endemic nephropathy and its
association to urinary tract tumors has also been proven [7]. Due to the

general concern about the OTA present in the food chain, its high
stability and potentially negative effects on human and animal health, a
number of countries have set up regulations including maximum
permitted, or recommended levels for specific commodities. The
European Union (E.U.) has established limits for OTA depending on
the food product: 5 ugkg™' for unprocessed cereals, 10 ugkg™* for
dried fruits, 15 pgkg™! for spices, including chili powder, paprika,
pepper or nutmeg, and 2 mg mL™! for all types of wines [6].
Currently, routine analysis of OTA in foodstuff is mostly performed
by chromatographical methods including thin layer chromatography
(TLC) [8], liquid chromatography (LC) [9,10], gas chromatography
(GC) [11] and high-performance liquid chromatography with fluores-
cence detection (HPLC) [12,13]. Those techniques are generally
straightforward and yield reliable results, however, they require
extensive preparation steps and are time-consuming. Thus, alternative
approaches offering high sensitivity and simplicity such as enzyme-
linked immunosorbent assay (ELISA) [14,15], electrochemistry [16],
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fluorescence [17] or chemiluminescence [18] have been developed.
Moreover, label-free immunosensors for real-time toxins detection
based on optical (e.g., surface plasmon resonance spectroscopy, SPR)
[5] and piezoelectric or acoustic devices (e.g., quartz crystal micro-
balance, QCM) [19] have recently been investigated.

Biosensors with QCM-based readout are gaining increasing popu-
larity in the detection of chemicals and biomolecules. This technique is
a powerful and well-established noninvasive tool for online monitoring
and quantification of molecular interactions on a solid surfaces [20].
The transducer in a QCM sensor is an oscillating quartz crystal whose
resonance frequency (Af) changes with the change in the mass (Am)
according to the Sauerbrey equation [21]. In addition to adsorbed mass
(ng cm™2 sensitivity), the damping behavior of the crystal related to the
conformational or structural properties of the viscous layer can be
defined by measuring the energy dissipation loss (AD) of the freely
oscillating crystal [20,22,23]. The so-called QCM-D device enables
simultaneous monitoring of the changes in frequency and dissipation,
and thus provides additional information about the effective layer
thickness, conformational changes, viscoelastic properties and the
hydration state of the film [24].

Despite a wide variety of approaches, these sensors do not always
fulfil the requirements of high sensitivity, especially regarding detec-
tion of small molecules. Mycotoxins are low molecular weight com-
pounds and therefore, cannot generate sufficient QCM-D signal
(frequency change). In order to obtain optimal assay sensitivity, that
is, increase the signal, reduce the background, while keeping the
detection time short, the competitive inhibition immunoassay format
was applied in the present study. This format is based on antigen
immobilization on the sensor surface followed by the injection of the
mixture of primary antibody and sample containing free antigen [25].
To reach a lower limit of detection, the signal can be amplified by the
use of additional high mass compounds such as a secondary antibody
with or without conjugation to gold nanoparticles (AuNPs).

In this work, we present the development of a fast and sensitive
QCM-D biosensor for the detection of Ochratoxin A in red wine. We
have reached good QCM-D sensitivity with the specific detection format
of indirect competitive assay. To increase sensitivity, the signal was
further amplified by the implementation of a secondary antibody
labeled with gold nanoparticles. With this system we were able to
reach a detection limit at the ng mL™* level. Additionally, by combining
simultaneous monitoring of the frequency and dissipation changes, the
mechanical and viscoelastic properties of the biofilm were character-
ized. Moreover, to minimize the matrix effect and non-specific adsorp-
tion of wine commodities such as polyphenols (resulting in antibodies
inactivation), a very simple procedure (addition of 3% of binding agent
poly(vinylpyrrolidone) (PVP)) was employed with no need for cleanup
or preconcentration of the sample extract [5].

2. Material and methods
2.1. Reagents

All reagents were used as received without further purification. 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) were obtained from ThermoFisher
Scientific (Germany). Thiols: (11-mercaptoundecyl)tetra(ethylene gly-
col) (MUTEG) and 16-mercaptohexadecanoic acid (MHDA),
Ochratoxin A (OTA), the conjugate of OTA with bovine serum albumin
(BSA-OTA), poly(vinylpyrrolidinone) (PVP), Tween 20, hydrogen per-
oxide (30%), ethanolamine and glycine were purchased from Sigma-
Aldrich (Germany). The primary rabbit antibody against OTA (Ab,)
was from AntiProt. Gold nanoparticles (AuNPs, 20 nm)-labeled goat
anti-rabbit secondary antibody (Ab,-AuNPs) were from Abcam (UK).
20 mM acetate buffer (ACT, pH 4) was prepared from sodium acetate
trihydrate and acetic acid (both from Sigma-Aldrich) and the pH was
adjusted by HCl and NaOH. Phosphate-buffered saline pH 7.4 (PBS)
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(0.12 g KH,PO,, 0.72 g Na,HPO,4, 4 g NaCl and 0.1 g KCl in 0.5 L
distilled water) or PBS containing 0.1% Tween 20 (PBS-T) were used as
running buffers. The ERM (European Reference Material) BD476 (OTA
in red wine) was obtained from the Institute for Reference Materials
and Measurements (Geel, Belgium). This material was prepared from
commercial wine sources intended for human consumption and it was
characterized by mass spectrometry and HPLC with optical detection.
The concentration of OTA was determined as 0.52 + 0.11 ng mL™..

2.2. Apparatus

Piezoelectric measurements were performed with AT-cut gold-
coated quartz crystals (@ 14 mm, 100 nm thickness) with a resonance
frequency of 5 MHz (LOT-Quantum Design GmbH, Germany) in flow-
through mode (flow rate=50 puL min~!) with a quartz crystal micro-
balance with dissipation monitoring QCM-D (E1 model, Q-Sense AB,
Sweden) at 22°C. In a QCM-D measurements, the fundamental
resonance frequency of the crystal is excited and the variations in the
resonance frequency, Af, and energy dissipation AD, are recorded
simultaneously for several overtones [26]. The oscillating frequency of
the piezoelectric crystal decreases with the adsorption of a foreign
substances on the surface. To calculate the mass uptakes (Am) the
simplified relation between the shift in frequency (Af) and the mass of
the adsorbed layer described by the Sauerbrey equation was used [21]:

_—=C A,

Am )
where C is the mass sensitivity constant (C=17.7 ng cm 2Hz™! at
f=5 MHz), n=1 for the fundamental frequency and n > 1 is the overtone
number (n=3,5, ...). In the QCM-D measurements, Af is not only
related to the mass uptake but may also be caused by the hydration of
proteins and water trapped in the pores of the layer. In very dissipative
systems it is required to utilize a more complex model for surface mass
density estimation, e.g. the Voigt model [27]. However, in the current
paper the frequency shift of the 5th overtone was chosen (due to
appropriate sensitivity and reproducibility as compared to other over-
tones) and the Sauerbrey equation was employed in the data analysis.

n

2.3. Sensor chip functionalization and detection format

As shown in Fig. 1, the gold surface of the sensor chip was modified
with a mixed thiol self-assembled monolayer (SAM) to which the BSA-
OTA conjugate was attached. Prior the functionalization, the QCM
resonator wafers were cleaned with a 3:1 (v/v) piranha solution
(concentrated H,SO4 and 30% H>0-) for 10 min, followed by rinsing
with water. Afterwards, the sensor was dried in a nitrogen stream and
treated with a UV/ozon cleaner for 30 min. The thiol SAM was formed
on the gold surface upon overnight incubation in a mixture of MUTEG
and MHDA (molar ratio 9:1) dissolved in ethanol at the total
concentration of 1 mM. Afterwards, the sensor surface was rinsed with
ethanol and dried in a stream of nitrogen. The carboxylic terminal

3
g MUTEG

MHDA

O o
0NN

oo

Ab2-AuNPs

R,

T T T N

S e T U N N NP
0 S S SN

|

R T T N W LN

QCM gold chip

Fig. 1. Scheme of the interfacial molecular architecture for the detection of OTA by a
competitive immunoassay utilizing QCM.
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groups were activated by immersing the chip in EDC/NHS solution
(concentrations in deionized water of 37.5 and 10.5 mg mL™!, respec-
tively) for 45 min. Then, the sensor was rinsed with water, dried in a
nitrogen stream and inserted into the QCM-D cell. Subsequently, the
immobilization of BSA-OTA (dissolved in ACT buffer at a concentration
of 40 uygmL™") was done by 20 min circulation of the conjugate
solution over the flow cell, followed by deactivation of unreacted active
ester moieties using 10 min incubation in ethanolamine (1 M and pH
8.5).

For the detection of OTA, an inhibition immunoassay was applied.
In this assay, the samples were pre-incubated with Ab; for 15 min
(with an equal volume) followed by detection of the amount of
unreacted Ab; antibody. PBS-T buffer or certified red wine standard
were spiked with OTA at concentrations between 1072 and
10*ngmL™ . In order to decrease the influence of polyphenolic
compound (matrix effect) that may interfere with the OTA analysis
(inactivation of antibodies or unspecific sorption) in wine, samples
were mixed with 3% of PVP and subsequently shaken for 5 min at room
temperature, filtrated, and the pH of each aliquot was adjusted to 7.4
with NaOH prior to analysis. The mixture of Ab; with sample was
pumped through the sensor for 10 min followed by washing with PBS-T
buffer for 2 min to remove weakly bounded Ab; molecules. Afterward,
the Ab,—AuNPs antibody (concentration of 0.1 pg mL™!) was flowed
through the sensor for 10 min. Finally, the sensor surface was washed
for 3 min with PBS-T buffer and the changes in the frequency owing to
the binding of Ab,-AuNPs to the captured Ab; were recorded. After
each detection cycle, the sensor surface was regenerated by 10 min
incubation in glycine buffer (pH 2.0, 20 mM).

3. Results and discussion
3.1. Sensor chip and assay characterization

The QCM-D is an acoustic wave device measuring the resonance of
a piezoelectric quartz crystal upon electrical excitation (bulk excita-
tion). The resonance frequency decreases linearly with addition of mass
on the sensor surface. BSA-OTA immobilization showed a slight
increase in dissipation energy (AD=10.77x107°) therefore, the fre-
quency measurement was directly converted to mass by using the
Sauerbrey equation (Eq.1) and the recorded frequency shift (Af
=57.31 Hz). The surface coverage of the covalently bound antigen
conjugate was calculated to be 202.84 ng cm ™. A typical QCM-D plot,
with real-time changes in the frequency and dissipation of adsorption
sequence is shown in the Fig. 2. Due to the very low concentration of
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Fig. 2. QCM-D curves showing the frequency (Af, green curve) and dissipation (AD, blue
curve) changes during the adsorption sequence of the indirect immunoassay. Red arrows
represent the washing steps. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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the primary antibody, the recorded signal for both the frequency and
dissipation is weak (Af =17.97 Hz and AD=2.02x107°%). Hence, an
additional high mass provided by Ab,-AuNPs injection was applied
resulting in a signal enhancement (Af=52.53 Hz) and consequently an
improvement of immunoassay sensitivity.

The combined Af and AD data analysis provide also information
about the viscoelastic and mechanical properties of the protein layer.
Moreover, according to the general understanding of the dissipative
behavior of the biofilm, water is known to be trapped and sensed as
additional mass [28]. A larger dissipation or AD/Af ratio are usually
correlated with high water content, loose bindings between interacting
molecules or creation of a soft and dissipative film. On the other hand,
the low dissipation per mass unit could be attributed to the formation
of a well-structured complex with a high affinity binding and low
degree of hydration [20]. Estimated AD/Af=1.7x1077 for BSA-OTA
layer indicates formation of a homogeneous and fairly rigid film.

Surface regeneration for cyclic use of the same chip is an important
part of QCM-D immunoassays. In order to reuse the sensor chip
surface, a simple regeneration protocol based on breaking the strong
non-covalent interaction between toxin and antibody was applied [29].
This was accomplished by injection of glycine buffer at pH 2.0 over the
sensor surface. As shown in Fig. 2, after the regeneration step the
frequency and dissipation signals return almost to the original baseline
level (negligible increase of Af and AD=0. 1%) indicating complete
breakdown of the immuno-complex interaction and revealing fully
reversible assay cycle. In this case, the immobilized antigen was still
present at the sensor surface and hence, the assay procedure for the
next cycle started with the injection of the primary antibody.

After six cycles, the used quartz crystals were cleaned with piranha
solution to remove all adsorbed on the gold surface materials including
antigen (BSA-OTA) as well as SAM. SAMs are mechanically fragile
surfaces, and thus, techniques for polishing or roughening surfaces of
metals can remove the SAM and expose a clean surface on bulk metal
substrates [30]. There are a number of different techniques for
removing SAMs from gold substrates such as: thermal desorption
[31], ion sputtering [32] or UV/ozonolysis [33]. Chemical oxidants or
reductants such as concentrated acids or bases or piranha solutions
also are effective for cleaning substrates [34]. In our work piranha
solution was used both for cleaning the surface before SAM functio-
nalization as well was for removing thiols from the sensor surface.
Moreover, a gold surface exposed to UV light (also used in this study)
can be purged of sulfur impurities via oxidation of chemisorbed sulfur
to sulfonates which can then be removed by washing with water [35].
The UV/ozone method allows one to remove old thiol monolayers and
to provide a fresh surface for additional experiments. After such a
treatment, the gold surface could be reused — a new SAM could be
created followed by a fresh antigen solution immobilization.

The detection scheme is based on an indirect competitive format
where Ab,-AuNPs are used as a signal enhancement tag. The antigen
attached to the surface (BSA-OTA conjugate) competes with toxins
from the sample to bind with the added primary antibodies.
Subsequently, captured Ab; bind with secondary antibodies labeled
with AuNPs resulting in signal amplification and improvement of the
assay sensitivity. In order to check the specificity of antibodies a simple
experiment was performed. Briefly, BSA was immobilized on a chip,
followed by Ab; injection and incubation for 10 min. After washing
with PBS-T, only a negligible increase of the signal was recorded,
indicating no adsorption of Ab;. Naturally, in the absence of Ab;, no
non-specific binding of the secondary antibodies was observed (data
not shown).

Due to the fact that wine is a very complex beverage containing a
large variety of macromolecules which can interfere with the affinity
binding on the surface, it is required to implement a pre-treatment of
the wine samples prior the analysis. It might also seem that the
percentage of alcohol (=12%) in wine can influence the proper
functionality of the assay. However, Ngundi et al. [36] demonstrated
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Fig. 3. Normalized calibration curves for the detection of OTA using inhibition
immunoassay performed in PBS-T buffer (black squares) and red wine (red circles).
Each point is an average of three replicates. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

that the amount of ethanol is not a major factor which hampers the
analysis. On the other hand, Ogunjimi and Choudary [37] have shown
antibody inactivation due to the presence of polyphenols in fruit juice,
wines and vegetables. Thus, a simple pre-treatment of wine samples
involving the use of 3% PVP, a binding agent commonly used to remove
polyphenols from plant extracts, was applied. We have previously
proved an excellent ability of PVP to eliminate unwanted compounds
from the solution and therefore preserve antibody activity [5].

3.2. Ochratoxin A detection

The sensor response was measured for series of buffer and wine
samples spiked with OTA at concentrations ranging from 1072 to
10* ng mL™L. Fig. 3 shows the calibration curves normalized with the
sensor response for the blank sample (not spiked with OTA). The
calibration curves were fitted with a sigmoidal function. The limit of the
detection (LOD) and the limit of quantification (LOQ) were defined as
the concentration of OTA equivalent to three times (for LOD) and ten
times (for LOQ) the value of the standard deviation (SD), measured in
the absence of OTA.

Fig. 3 clearly shows that the recorded signal is proportional to the
amount of bound antibody (gradual decrease when increasing the
concentration of OTA in the sample assigned to the blocking of Ab,;
binding sites). The LOD and LOQ for the assay established in a PBS-T
buffer were 0.04 and 0.13 ng mL™}, respectively. The same parameters
estimated for experiments performed in red wine samples were 0.16
and 0.55 ng mL™" with the working linear range (IC20-IC80) between
0.2-40 ng mL™!. The coefficient of variation (CV) of the standard
points of the calibration curves were 8.77% and 3.79% for the assay
carried out in red wine and PBS-T, respectively, showing a good
repeatability of the detection method. A midpoint value (IC50) of
253 and 2.58ngmL™! were obtained during competition assays
performed in PBS and red wine, respectively. The higher LOD value
obtained from wine measurements indicates adsorption of wine
components on the sensor surface causing a somewhat higher back-
ground. However, this value is still one order of magnitude lower than
the maximum residue level of OTA required by the European
Commission.

The presented QCM-D biosensor offers higher sensitivity, shorter
analysis time and avoids complicated and time consuming pre-cleaning
methods with respect to other reports on the detection of this toxin
[38—43]. High-performance liquid chromatography (HPLC) [44], gas
chromatography-mass spectrometry, thin-layer chromatography (TLC)
[45], enzyme linked immunosorbent assay (ELISA) [46] and immuno-
chromatographic assays as lateral flow strips [47] show good perfor-

Talanta 166 (2017) 193-197

mance for OTA detection however, they all require multiple steps prior
to the detection (including extraction and clean-up procedures), what
extend the analysis time and causing extra costs. Compared to other
alternative methods such as capillary electrophoresis with diode array
detection [48], electrochemical immunosensors [49] or optical techni-
ques like surface plasmon resonance (SPR) [5,6], our QCM sensor
offers a similar detection limit but shorter detection time.

4. Conclusion

An indirect competitive bioassay was successfully established for
the detection of Ochratoxin A in red wine utilizing gold nanoparticles
for QCM-D signal enhancement. Small molecules (such as OTA) suffer
from poor LOD due to the high concentration of Ab; being needed to
generate adequate signal. To overcome this problem, in the present
study we have reported implementation of a secondary antibody with
gold nanoparticle label resulting in the enhancement of the sensitivity
of the low molecular weight compound assay. The decrease of the
frequency and dissipation changes (Af and AD) are proportional to the
mass of molecules adsorbed on the chip surface and therefore, an
additional mass provided by AuNPs results in a great signal amplifica-
tion in comparison to the assay only with Ab;. A linear range 0.2—
40 ng mL™! has been achieved with excellent LOD of 0.16 ng mL™",
which is one order of magnitude lower then LOD specified by E.U.
legislation concerning limit of exposure in food. Additionally, the
biosensor can be easily regenerated with 10 min incubation in glycine
buffer. Moreover, a real-world application of the system was tested with
the determination of OTA in spiked red wine samples. Finally, a matrix
effect (caused by the occurrence of polyphenol in wine) and associated
non-specific interactions with the sensor surface was minimized by a
simple pre-treatment of the wine with the addition of 3% of the binding
agent PVP.

The method described here is a rapid (less than one hour detection
time), sensitive and cost effective (inexpensive reagents, reduction of
the concentration of the valuable primary antibody) alternative for the
detection of various mycotoxins in food and beverages and therefore,
an important tool in the field of food security and thus, human health.
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