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Abstract The assembly of a novel disposable amperometric
immunosensor for the detection of the red wine spoilage yeast
Brettanomyces bruxellensis is reported. The nanostructured
sensing interface was prepared by first coating carbon screen
printed electrodes with a gold nanoparticles-reduced graphene
oxide hybrid nanomaterial, which was then modified with 3-
mercaptopropionic acid to further immobilize specific anti-
bodies for B. bruxellensis via a carbodiimide-coupling reac-
tion. The functionalized electrode allowed the amperometric
detection of B. bruxellensis in buffered solutions and red wine
samples in the range of 10–106 CFU/mL and 102–106 CFU/
mL, with low detection limits of 8 CFU/mL and 56 CFU/mL,
respectively. The electrochemical immunosensor also exhibit-
ed high reproducibility, selectivity, and storage stability.
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Introduction

Wine is the most popular alcoholic beverage in the world.
Consequently, wine industry is a growing sector with huge
socio-economic impact and multiplier effects on many other
affiliated industries. According to the International
Organization of Vine and Wine, the global wine production
and consumption in 2016 was 267 and 242 million of hecto-
liters, respectively [1]. In addition, the global wine market was
estimated as 104.1 million of hectoliters in terms of volume
and 28.9 billion euros in terms of value [1].

In this context, red wine is one of the most appreciated and
worldwide consumed wine due to its pleasant sensory proper-
ties, relevant nutritional properties and positive effect on hu-
man health [2, 3]. The most important source of spoilage of
red wine is the yeast Brettanomyces bruxellensis (Brett) [4, 5],
which can survive in wines during and after alcoholic fermen-
tation due to its low nutrient requirements and high resistance
to ethanol, SO2 and acidic conditions [6–8]. Microbial con-
tamination with Brett can be sourced fromwinemaking equip-
ment and winery environment such as the barrels, air samples
of crush, tank, and bottling lines, as well as from the surface of
grape berry [9, 10].

Contamination by this yeast, even at a very low concentra-
tion of 103 CFU/mL, impairs unpalatable off-odors and off-
flavors to red wine. Brett affect the organoleptic properties of
red wines by reducing vinylphenols (4-vinylphenol, 4-
vinylguaiacol and 4-vinylcatechol) to ethylphenols (4-
ethylphenol, 4-ethylguaiacol and 4-ethylcatechol), which im-
part negative phenolic aroma and animal off-odor described as
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BBrett character^ [11, 12]. This yeast can also produce the
tautomeric N-heterocyclic bases 2-ethyltetrahydropyridine
and 2-acetyltetrahydropyridine, which are associated with
the occurrence of mousy off-flavor in red wine. Other sub-
stances produced by Brett, like isovaleric acid, may also cause
olfactory deviation of red wine even at very low concentration
[12–14]. For this reason, the development of analytical strat-
egies for the early detection of Brett in red wines receives
considerable attention.

Current approaches to detect Brett contamination are main-
ly based on molecular biology [15–18] and classical microbi-
ological methods [9], as well as the analytical quantification of
volatiles phenols in red wine [19–21]. However, these
methods are time consuming and/or need expensive and
non-portable instruments. Biosensor technology could be an
alternative to construct reliable, low-cost, disposable and min-
iaturized analytical devices for the fast and accurate detection
of Brett [22]. However, little has been done in the field of
electroanalytical biosensors for B. bruxellensis.

During the last recent years, graphene and graphene deriv-
atives have been largely employed as building blocks for the
assembly of electrochemical biosensors with improved ana-
lytical performance [23–25]. This fact has been based on the
excellent electroconductive, stability and mechanical proper-
ties of graphene derivatives which allow them to act ideal
transducer elements for biosensor devices [26]. In addition,
rational modification of graphene with selected chemical li-
gands or other materials leads to new derivatives and
nanohybrids with improve functional properties and capacity
for the stable immobilization of biorecognition elements on
the electrode surface [27–29].

In this work, we describe the facile preparation of dispos-
able screen printed electrodes modified with a gold
nanoparticles-reduced graphene oxide nanohybrid, which
were employed to const ruct an elec t rochemical
immunosensor for the determination of Brett.

Materials and methods

Materials

Carbon screen printed electrodes OHT-000 and graphene ox-
ide were donated by Orion High Technologies S.L. (Spain).
Polyclonal anti-Brett antibody (aBAb) was produced in rab-
bits by using whole B. bruxellensis cells as antigen
(Immunostep S.L., Spain). Concanavalin A-peroxidase conju-
gate (ConA-HRP), HAuCl4, 3-mercaptopropionic acid and
(3-mercaptopropyl)trimethoxysilane (MTS) were acquired
from Sigma-Aldrich Co. (USA). All other chemicals were
analytical grade.

Yeasts strains used in this study were obtained from the
University of Castilla-La Mancha culture collection. Strains

were growth on YPD agar (1% yeast extract, 2% bacteriolog-
ical peptone, 2% glucose and 2% agar–agar,w/v), incubated at
30 °C for 2–4 days and kept in slants of the same medium
under refrigeration and refreshed weekly. To adjust the cell
concentration in all cases, a Thoma hemocytometer cell count
chamber was used.

Instruments and electrodes

Electrochemical experiments were carried out with OHT-000
screen printed electrodes, consisting of a carbon ink working
electrode (4.0 mm diameter) modified with the immunosensor
assembly, a carbon ink counter electrode and a Ag/AgCl ink
reference electrode. Electrochemical impedance spectroscopy
(EIS) experiments were performed by using a FRA2
μAutolab Type III potentiostat/galvanostat (Metrohm
Autolab B.V., The Netherlands). Amperometric measure-
ments were carried out with a dual-channel Inbea potentiostat
(Inbea Biosensores S.L., Spain). Transmission electron mi-
croscopy (TEM) measurements were performed with a
JEOL JEM-2000 FX microscope (JEOL Ltd., Japan). High
resolution field emission scanning electron microscopy (FE-
SEM) was performed with a JEOL JSM-6335F microscope
(JEOL Ltd., Japan). ATR-FT-IR analysis was performed with
a FT-IR Nicolet Magna 750 Series II spectrometer (Thermo
Fisher Scientific, USA).

Preparation of the antibody-functionalized electrode
(aBAb/Au-rGO/SPE)

Nanogold-decorated reduced graphene oxide (Au-rGO) was
prepared as previously described [22]. Briefly, 50 mg of
graphene oxide was dispersed in 250 mL ethanol by sonica-
tion for 1 h. The resulting dispersion was then heated at 65 °C,
mixed with 25 mL of a 1% (v/v) ethanolic solution of (3-
mercaptopropyl)trimethoxysilane and kept under continuous
stirring at this temperature during 12 h. The mixture was
cooled, filtered, and the resulting solid containing the
silanized graphene derivative was exhaustively washed with
ethanol and finally dried in vacuum.

To prepare the Au-rGO derivative, 50 mg of silanized
graphene oxide and 150 mg NaBH4 were dispersed in
40 mL milliQ water by sonication and the dispersion was
mixed with 20 mL citrate-capped Au nanoparticles (20 nm),
prepared according to Frens procedure [30]. The solution was
stirred at room temperature for 2 h, centrifuged and the solid
was exhaustively washed with ethanol and dried under vacu-
um at room temperature.

To provide the sensing interface with carboxylic acid
groups, the working area in the OHT-000 screen printed elec-
trode was first coated with Au-rGO by depositing two 10-μL
aliquots of a 1.0 mg/mL aqueous dispersion of the
nanomaterial on the electrode surface and allowing drying.
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Ten microliters of 1 mM 3-mercaptopropionic acid aqueous
solution was further dropped on the dried electrode and kept
during 1 h at room temperature. The electrode was exhaus-
tively washed with milliQ water and further dried with N2.

The antibody-functionalized electrode was finally prepared
by dropping 10 μL of a 1.0 mg/mL N-hydroxysuccinimide/1-
ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride
solution in 50 mM sodium phosphate buffer, pH 6.0 on the
working electrode surface, and kept during 1 h at room tem-
perature. The electrode was washed with the same buffer,
dried with N2 and then functionalized with the polyclonal
antibody by dropping 10 μL of a 30 μg/mL aBAb solution
in 50mM sodium phosphate buffer, pH 7.0. The electrode was
incubated during 1 h a 4 °C, then washed with cold 50 mM
sodium phosphate buffer, pH 7.0 and finally stored in refrig-
erator until use.

Procedure for electrochemical immunosensor

The working electrode of the aBAb/Au-rGO/SPE was coated
with 10 μL of Brett solution in 50 mM sodium phosphate
buffer, pH 7.0 during 1 h at 4 °C. After exhaustive washing
with the same cold buffer and dry, 10 μL of 10 μg/mL ConA-
HRP solution in 1.0 mM MnCl2, 1.0 mM CaCl2, 50 mM
sodium acetate buffer, pH 6.0 were dropped on the working
electrode. The lectin-based biorecognition reaction was
allowed to proceed at 4 °C during 1 h, and the electrodes were
then washed with cold 50 mM sodium phosphate buffer, pH
7.0 and finally tested for amperometric quantification of
immobilized HRP activity. To do that, 45 μL of freshly pre-
pared 1 mM hydroquinone in 0.1 M sodium phosphate buffer,
pH 6.0 were dropped on the OHT-000 SPE electrochemical
cell. Changes in the cathodic current were measured at

−200 mV vs pseudo Ag/AgCl after addition of 5 μL of a
freshly prepared 100 mM H2O2 solution. Each measurement
was carried out at least in triplicates, by using different
antibody-modified electrodes, unless stated otherwise.

Results and discussion

Figure 1A illustrates the experimental protocol employed to
assemble the antibody-functionalized electrode. The
nanohybrid used as transducer element (Au-rGO) was pre-
pared as previously described [22]. Thiol-functionalized
graphene derivative was first prepared by modification of
graphene oxide with (3-mercaptopropyl)trimethoxysilane
and further decorated with Au nanoparticles by reaction with
the reactive thiol groups on the carbon nanomaterial planar
sheet. The formation of this nanohybrid was confirmed by
TEM and FE-SEM analysis, as is illustrated in Fig. 2.
Additional characterization was previously provided [22].

The hybrid nanomaterial was then employed to coat the
working electrode surface on OHT-000 screen printed elec-
trodes. To allow stable immobilization of the anti-Brett poly-
clonal antibody, the Au nanoparticles surface was provided
with carboxylic acid groups by treatment with 3-
mercaptopropionic acid. The presence of carboxylic acid
groups in the nanohybrid was confirmed by the characteristic
bands at 1700 and 1715 cm−1 in the corresponding ATR-FT-
IR spectrum (Fig. S1 in the Electronic Supplementary
Material, ESM), which can be ascribed to C = O stretch in
the attached 3-mercaptopropionic acid residues and carboxyl-
ate groups at the edge of graphene oxide, respectively. This
activated surface was then used as support for the

Fig. 1 Schematic display of the
steps involved in the preparation
(a) and performance (b) of the
antibody-functionalized electrode
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carbodiimide-mediated covalent immobilization of the anti-
Brett polyclonal antibody.

The resulting electrode (aBAb/Au-rGO/SPE) was evaluat-
ed as sensing element for the construction of an electrochem-
ical immunosensor for Brett. The biosensing strategy here
employed was based on the assembly of sandwich-type archi-
tectures on the electrode surface by using ConA-HRP as sec-
ondary bioreceptor and signaling element (Fig. 1B). This ap-
proach was based on the ability of the lectin ConA to specif-
ically recognize the carbohydrate moieties in the
mannoproteins at the surface of the yeast cells [31]. In this
regard, ConA has been previously employed to purify these
mannoproteins from Brett extracts [32].

The preparation of the antibody-functionalized electrode
was optimized by determining the influence of the experimen-
tal variables affecting the amperometric response of the elec-
trode toward Brett. Figure 3A shows the effect of the Au-rGO
loading on the amperometric response of the electrode after

sequential incubation with 103 CFU/mL Brett and ConA-
HRP, and using −200 mV as detection potential to quantify
the immobilized peroxidase activity. The relative amperomet-
ric response of the electrode increased with the hybrid
nanomaterial loading up to 20 μg. This fact could be justified
by the increased amount of active carboxylate groups on the
electrode surface that is suitable for the covalent immobiliza-
tion of the antibody. Higher loading of the nanohybrid resulted
in lower amperometric signals. This behavior could be as-
cribed to the formation of graphene-based multilayer struc-
tures on the electrode surface, causing steric hindrance to the
antibody molecules during the immobilization process and
thus reducing the amount of affinity-based bioreceptors on
the sensing interface [33–35]. According to this result,
20 μg of Au-rGO was employed to modify the SPE in further
experiments.

Figure 3B shows the effect of antibody loading on the
amperometric response of the electrode toward 103 CFU/mL

Fig. 2 Representative TEM (a)
and FE-SEM (b) images of the
Au-rGO hybrid nanomaterial

Fig. 3 Effect of the amount of
nanohybrid (a), incubated
antibody (b), time of
immobilization (c) and coating
with 1% BSA (d) on the
normalized amperometric signal
of the electrode toward 103 CFU/
mL Brett. Eapp = −200 mV, 100%
relative current intensity = 460 nA
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Brett. The electrochemical response of the immunosensor
showed a bell-shaped behavior, reaching the highest value of
cathodic current when 300 ng of antibody was immobilized
on the Au-rGO-modified electrode surface. Further decrease
of the analytical signal for antibody concentrations higher than
300 ng can be ascribed to the non-oriented immobilization of
additional layers of antibody molecules on the electrode sur-
face, which can also lead to the formation of undesirable
antibody-antibody covalent adducts. These phenomena could
cause steric hindrance and blocking of the effective
biorecognition sites on the electrode surface, allowing reduc-
tion of the analytical signal toward Brett. Accordingly, further
electrodes were prepared by using 300 ng as optimal amount
of antibody.

The influence of the immobilization time on the
immunosensor response is shown in Fig. 3C.Maximum elec-
troanalytical signal was reached when the carbodiimide-
mediated immobilization of the antibody to the electrode sur-
face was performed during 1 h at 4 °C. Accordingly, elec-
trodes for further experiments were assembled by using this
optimum immobilization time.

Prevention of non-specific adsorption of analytes on
the electrode surface is a challenge for the construction
of reliable, specific, and reproducible affinity-based bio-
sensors [36, 37]. That is why, different strategies are
commonly employed to confer anti-fouling properties
to the sensing interface, being coating with protein mol-
ecules one of the most used. In this work, the effect of
blocking with 1% BSA (w/v) solution on the analytical
signal of the immunosensor was studied. As can be
observed in Fig. 3D, the amperometric response of the
electrode was not significantly affected by the use of
BSA as blocking agent, suggesting the hybrid
nanomaterial prevent the non-specific adsorption of
Brett cells on the sensing surface. For this reason, no
blocking agents were employed for the assembly of fur-
ther electrodes.

The assembly of the electrode under such optimal condi-
tions was studied by EIS using [Fe(CN)6]

4−/3− as redox probe.
All the experimental data were obtained by fitting with a con-
ventional Randles equivalent circuit, and the resulting Nyquist
plots are shown in Fig. 4.Modification of the electrode surface
with the Au-rGo nanohybrid caused a noticeable reduction in
the electron transfer resistance of the interface (from Ret = 485
to 92 Ω), as can be noticed by the large reduction in the diam-
eter of the semicircles in the corresponding Nyquist plots. This
fact suggests high conductivity properties for the hybrid
nanomaterial.

An increase in the electron transfer resistance of the surface
(Ret = 238 Ω) was noticed after coating the gold nanoparticles
surface with 3-mercaptopropionic acid, but a noticeable
higher value of Ret = 1214 Ω was measured after covalent
immobilization of the antibody. This fact could be ascribed

to the non-conductive properties of the antibody protein mol-
ecules, and suggest a high protein load and successful cova-
lent attachment of the bioreceptor on the sensing surface.

To ensure the reliable behavior of the biosensor, the opti-
mal operational conditions for the amperometric detection of
Brett were also evaluated. Figure 5A shows the effect of the
incubation time of the antibody-modified electrode with the
Brett samples, in buffered solution of pH 7.0 at 4 °C, on the
normalized amperometric response of the device. It should be
noted that higher electroanalytical signal was observed for the
electrodes incubated with the yeast during 1 h. Longer incu-
bation times caused a decrease in the analytical response of the
biosensor, which could be ascribed to partial inactivation of
the antibody molecules under these incubation conditions. On
the other hand, the electrochemical response of the electrode
showed high value when performed at 4 °C (Fig. 5B), proba-
bly by avoiding potential thermal inactivation of the antibody
on the electrode surface.

The analytical performance of nanostructures immunosensor
was evaluated under these optimal working conditions.
Figure 6A shows the average calibration curve for 10 different
experiments. The cathodic current values measured with the
immunosensor exhibited a linear behavior (r = 0.989) with
the logarithm of Brett concentration in the broad range of 10–
106 CFU/mL, according to the following equation:

iC nAð Þ ¼ 159:1 log Brett½ �–49:7

As can be observed in Fig. 6B, the immunosensor
also showed linear response toward Brett concentration
in commercial and undiluted red wine samples (Ribera

Fig. 4 Impedance plane diagram (−Z″ versus Z′) for the EIS
measurements at a OHT-000 electrode before (a) and after coating with
Au-rGO (b), modification with 3-mercaptopropionic acid (c) and immo-
bilization of the anti-Brett antibody (d) in 0.1 M KCl solution containing
5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1)
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del Duero, Spain), exhibiting a linear behavior
(r = 0.988) in the range of 102–106 CFU/mL, according
to the following equation:

iC nAð Þ ¼ 9:6 log Brett½ � þ 30:0

As can be observed, there is a noticeable difference in the
slope of these two calibration curves, demonstrating a matrix
effect in the red wine sample. In addition, it should be notified
that the sensitivity of the immunosensor was lower in the red
wine sample, but enough to provide analytical information on
the content of Brett in this media.

Low detection limit values of 8 CFU/mL and 56 CFU/mL
were estimated for the amperometric immunosensors in buff-
ered solutions and red wine samples, respectively. These
values were calculated according to the 3Sb/m criterion, where
m is the slope of the calibration curve and Sb was estimated as
the standard deviation of 10 different amperometric signals
recorded for the lowest Brett concentration measured in the
calibration graphs (10 CFU/mL and 100 CFU/mL,
respectively).

These values of detection limit are lower than those report-
ed by direct and real-time PCR methods [38–41] and also
lower that the threshold concentration of 103 CFU/mL at
which Brettanomyces impairs undesirable properties to wines.

These facts suggest this amperometric immunosensor can be a
valuable analytical tool for wine industry.

The reproducibility of the assembly process was deter-
mined by measuring the response of 10 different electrodes
prepared in the samemanner, toward 103 CFU/mLBrett in red
wine samples. The proposed assembly protocol showed good
reproducibility, with a relative standard deviation of 12.3%
(standard deviation/mean ×100). On the other hand, the
immunosensor also showed high selectivity, yielding a very
low analytical response toward other yeast commonly
employed in food industry (Fig. 7).

The long-term stability of the immunosensor was estimated
by storing the electrode at 4 °C under dry conditions. The
electrode was periodically tested toward 103 CFU/mL Brett
in red wine samples. As can be observed in Fig. 8, the biosen-
sor retained more than 90% of the initial electroanalytical
activity after 3 weeks of storage at 4 °C. This fact suggests
successful immobilization of the antibody molecules on the
nanostructured electrode surface, preserving the 3D active
protein conformation and thus allowing high retention of af-
finity capturing properties for the immobilized antibody. It
was also noticed that the stability of the biosensor was
drastically reduced at longer times of storage, retaining
about 53% of the initial analytical activity when stored
during 4 weeks at 4 °C.

Fig. 6 Calibration curve
obtained with the amperometric
immunosensor toward Brett in
buffered solution (a) and
commercial red wine sample (b).
Eapp = −200 mV

Fig. 5 Influence of the time (a)
and temperature (b) of incubation
of the immunosensor with
103 CFU/mL Brett solution on the
normalized amperometric signal
recorded with the electrode.
Eapp = −200 mV, 100% relative
current intensity = 460 nA
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Conclusions

A novel disponsable electrochemical immunosensor was pre-
pared by using carbon screen printed electrodes modified with
a gold nanoparticles-graphene hybrid nanomaterial and func-
tionalized with specific anti-Brett polyclonal antibody. The
nanostructured electrode was employed to detect the yeast at
very low concentration in buffered solutions and commercial
red wine samples. The excelent analytical performance
showed by the immunosensor suggest that screen printed elec-
trodes modified with this nanohybrid can be employed to
prepare sensitive, reliable, and disposable electrochemical de-
vices for food analysis.
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