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Abstract: A new spectroelectrochemical two-enzyme sensor system has been developed for the
detection of acetaldehyde in wine. A combination of spectroscopy and electrochemistry improves
the analytical features of the electrochemical sensor because the optical information collected with
this system is only associated with acetaldehyde and avoids the interferents also present in wines
as polyphenols. Spectroelectrochemical detection is achieved by the analysis of the optical prop-
erties of the K3[Fe(CN)6]/K4[Fe(CN)6] redox couple involved in the enzymatic process: aldehyde
dehydrogenase catalyzes the aldehyde oxidation using β-nicotinamide adenine dinucleotide hydrate
(NAD+) as a cofactor and, simultaneously, diaphorase reoxidizes the NADH formed in the first
enzymatic process due to the presence of K3[Fe(CN)6]. An analysis of the characteristic UV-vis bands
of K3[Fe(CN)6] at 310 and 420 nm allows the detection of acetaldehyde, since absorption bands are
only related to the oxidation of this substrate, and avoids the contribution of other interferents.

Keywords: spectroelectrochemistry; acetaldehyde; aldehyde dehydrogenase; diaphorase; screen-
printed electrodes (SPEs)

1. Introduction

Acetaldehyde (AA) is a basic compound present in certain alcoholic beverages such as
wine. It is mainly produced through two processes, through the oxidation of ethanol by the
action of the enzyme alcohol dehydrogenase, and also during the fermentation process by
the decarboxylation of pyruvate by the enzyme pyruvate decarboxylase. Both reactions can
take place throughout the wine production process, with the quantity of aldehyde produced
in these processes being important. AA is currently an indicator of wine quality despite
being used to control its biological aging, since it has a negative impact on the wine’s aroma
when it is present in high concentrations. Furthermore, due to its toxic effects, it plays a
crucial role in alcohol intoxication [1,2]. Concentration of AA in wine depends on many
important factors [3,4], such as, its rapid reaction with sulfur dioxide, the grape variety, the
manufacturing process, fermentation time, alcoholic strength, etc. Quantification of AA
in alcoholic beverages is traditionally carried out using chemical methods based on the
distillation of AA with bisulfite [5,6], colorimetry [7], chromatography [8,9] or enzymatic
methods [1,10]. However, these methods show several drawbacks such as a derivatization
step due to its high volatility, the necessity of weak interactions to improve the sensitivity,
their susceptibility to environmental interferences, the need to decolorize, filter, or degas
samples before assay, tedious and long (more than 2 h) protocols for the preparation of the
sample, high costs, etc.

The development of new methods for fast and easy AA detection as well as to avoid
complicated instrumentation and long and complex procedures is still required. A com-
bination of enzymatic systems with electrochemistry provides new devices for the easy
and quick detection of aldehyde compounds [11–13]. Particularly, AA detection is based
on the enzymatic system formed by the combinative work of aldehyde dehydrogenase
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(ALDH) and diaphorase (DP) (Figure 1). ALDH catalyzes the oxidation of aldehydes to
carboxylic acids using NAD+ as a cofactor, and particularly, AA is oxidized to acetate. At
the same time, DP reoxidizes the NADH previously generated during the ALDH reaction
and reduces K3[Fe(CN)6] to K4[Fe(CN)6]. The enzymatic system is completed with the
electrochemical oxidation of K4[Fe(CN)6], previously generated to K3[Fe(CN)6].
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Figure 1. Enzymatic system formed by aldehyde dehydrogenase (ALDH), diaphorase (DP), β-
nicotinamide adenine dinucleotide hydrate (NAD+), and K3[Fe(CN)6] which catalyzes the aldehyde
oxidation to carboxylic acid.

A combination of electrochemical sensors and spectroscopy has been scarcely used
due to the traditional instrumental limitations of spectroelectrochemical techniques. For-
tunately, the development of new setups and commercial instruments [14] enables the
spectroelectrochemical detection of a variety of analytes [15,16] due to UV-vis spectroelec-
trochemistry and joins the advantages of electrochemistry and UV-vis spectroscopy. In a
single experiment, spectroelectrochemistry provides two signals of different natures, which
is a very powerful feature to obtain valuable information about the system being studied. In
this enzymatic system, electrochemistry produces the oxidation of K4[Fe(CN)6], previously
generated during the enzymatic process, to K3[Fe(CN)6]. The simultaneous optical moni-
torization takes the advantage of the optical properties of the K4[Fe(CN)6]/K3[Fe(CN)6]
redox couple, allowing the quick and easy detection of AA. Furthermore, the autovalidated
character of this technique provides valuable information in a single experiment [17,18].
Although the number of spectroelectrochemical sensors is increasing due to the advantages
of this hybrid technique [19–23], enzymatic systems are rarely analyzed using spectroelec-
trochemical techniques.

In the present work, the usefulness of the proposed enzymatic sensor system is
demonstrated for the spectroelectrochemical detection of AA. To the best of our knowledge,
this is the first time that a disposable sensor combines UV-vis spectroelectrochemistry with
the enzymatic system previously described, providing excellent results.

2. Materials and Methods
2.1. Reagents and Instrumentation

Aldehyde dehydrogenase, potassium activated from baker’s yeast (S. cerevisiae) (ALDH,
EC 1.2.1.5), diaphorase from clostridium kluyveri (DP, EC 1.8.1.4), β-nicotinamide ade-
nine dinucleotide hydrate (NAD+), bovine serum albumin (BSA), potassium ferricyanide
(K3[Fe(CN)6]), polyvinylpolypyrrolidone (PVPP), and acetaldehyde (AA) were purchased
from Merck (Sigma–Aldrich, Madrid, Spain). All chemicals were analytical grade. Aqueous
solutions were prepared using ultrapure water (Direct-QTM 5 system, Millipore, Spain).

Screen-printed carbon electrodes (DRP-110, Metrohm DropSens, Oviedo, Spain) were
used to perform the electrochemical experiments, while spectroelectrochemical measure-
ments were carried out with screen-printed gold electrodes (DRP-220AT, Metrohm DropSens,
Spain) in order to favor the reflection of the light on the electrode surface. The elec-
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tronic systems consisted of a flat ceramic card with a circular carbon or gold working
electrode (WE, 4 mm diameter), a carbon or gold counter electrode (CE), and a silver
pseudoreference electrode (RE). Electrochemical measurements were performed at room
temperature using a multichannel bipotentiostat, galvanostat, and impedance analyzer
µStat-i Multi16 controlled using DropView 8400 M v.1.01 software in combination with
an eight-channel connector and specific connectors for SPEs (DRP-4MMHCAST8 and
DRP-CASTDIR respectively, Metrohm DropSens, Oviedo, Spain). Spectroelectrochemical
measurements were performed with SPELEC instrument (Metrohm DropSens, Oviedo,
Spain) controlled using DropView SPELEC software in combination with a bifurcated re-
flection probe (DRP-RPROBE-VIS-UV, Metrohm DropSens, Oviedo, Spain), and a reflection
cell (DRP-REFLECELL, Metrohm DropSens, Oviedo, Spain) for working in a near-normal
reflection configuration.

A fluorometric assay kit (Sigma–Aldrich, Madrid, Spain) was used to determine the con-
centration of acetaldehyde in white and rosé wines. Fluorometric experiments were carried
out using the 532 nm laser of SPELECRAMAN532 instrument (Metrohm DropSens, Oviedo,
Spain) as an excitation source, while the fluorescence signal was acquired with SPELEC.

2.2. Methods
2.2.1. Electrochemical and Spectroelectrochemical Detection of Acetaldehyde

Electrochemical detection was performed with a drop of 60 µL on the screen-printed
electrode (SPE), ensuring that the solution covers WE, RE, and CE, using chronoamperome-
try at +0.40 V for 60 s.

Spectroelectrochemical detection was also carried out using chronoamperometry ap-
plying +0.40 V for 300 s. In order to favor the increase of the absorption bands and their
better definition, longer times were required for the spectroelectrochemical detection than
for the electrochemical one. In addition, 100 µL of solution was used to ensure the spec-
troelectrochemical cell was filled and bubbles did not remain inside of the device. Light
reflected onto the electrode surface was collected using an integration time of 1 s. UV-vis
spectra were simultaneously recorded with the electrochemical measurements. Accord-
ing to the experimental time of the spectroelectrochemical experiments (300 s) and the
integration time selected (1 s), 300 spectra were recorded during the whole measurement.

2.2.2. Preparation of Wine Samples

Two Spanish wines, Cariñena white wine and Jerez rosé wine, were tested. The
samples were not treated before taking the electrochemical and spectroelectrochemical
measurements, and were only diluted in a 0.1 M phosphate + 0.1 M KCl buffer solution
(pH 8). Calibration plots of wine dilutions were represented in terms where, for example,
the value of 0.1 corresponded to the dilution of 1 mL of wine to 10 mL (1:10), 0.25 corre-
sponded to a dilution of 2.5 mL of wine to 10 mL (2.5:10), etc. For fluorometric tests, white
and rosé wine samples were diluted 100 times in ultrapure water.

2.2.3. Determination of Enzyme Activities and Michaelis Constants

Enzyme activity of ALDH and DP, expressed in U (µmole of substrate transformed
per minute and per mg of protein), has been calculated using spectroscopic methods [10]
in previous work [24]. Briefly, ALDH activity was measured following the rate of reduc-
tion of NAD+ using spectroscopic monitoring for 3 min of the band at 340 nm, which
was associated with NADH. DP activity was measured following the rate of reduction
of K3[Fe(CN)6] by the analysis of the band at 420 nm for 3 min. Spectroscopic deter-
mination was performed in transmission configuration considering Lambert–Beer’s law
(A = ε × b × C) and the calculated activities of ALDH and DP were 0.26 U/mg and
5.93 U/mg, respectively.

In addition, Michaelis constants for NAD+ and AA were also calculated in previous
work by the fitting of the amperometric data to the Lineweaver-Burk model [24]. The
calculated KM of NAD+ and AA were 0.101 mM and 0.907 mM, respectively.
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3. Results
3.1. Electrochemical Detection of Acetaldehyde

Preliminary assays were considered to establish the initial experimental conditions.
Electrochemical detection of AA was performed in 0.07 U/mL ALDH, 0.07 U/mL DP, 1 mM
NAD+, 1 mM K3[Fe(CN)6], and 0.1% BSA in 0.1 M phosphate + 0.1 M KCl buffer solution
(pH 8) applying +0.40 V for 60 s (electrochemical data are shown in Figure S1). Under these
experimental conditions, Figure 2 shows the calibration plot obtained from 1 × 10−5 M to
5 × 10−4 M AA. As can be observed, the results fit the equation y = 1.816 + 0.0592 for this
concentration range. In addition, the high correlation coefficient value (R2 = 0.999) and
very low error bars ensures good adjustment and reproducibility.
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Figure 2. Calibration plot of current obtained after applying +0.40 V for 60 s with different concentra-
tions of acetaldehyde (AA) and 0.07 U/mL ALDH, 0.07 U/mL DP, 1 mM NAD+, 1 mM K3[Fe(CN)6],
and 0.1% bovine serum albumin (BSA) in 0.1 M phosphate and 0.1 M KCl buffer solution (pH 8).

In order to obtain a wider concentration range, different concentrations of ALDH
and DP were evaluated. The ratio between ALDH and DP is a crucial parameter because
the lack of activity of one of them could hamper the reliability of the electrochemical
measurements [13]. According to previous works [12,13,24], ratio ALDH/DP = 1 remains
constant and both concentrations were modified in the same way. Different amounts of
enzymes were evaluated, but the best results shown in Figure 3 were obtained working in in
0.14 U/mL ALDH, 0.14 U/mL DP, 1 mM NAD+, 1 mM K3[Fe(CN)6], and 0.1% BSA in 0.1 M
phosphate + 0.1 M KCl buffer solution (pH 8) (electrochemical data are shown in Figure S2).
A higher concentration of ALDH and DP did not improve the electrochemical results.
The calibration curve showed a higher slope than the value obtained under the previous
conditions (Figure 2), a wider concentration range (from 5 × 10−6 M to 2.5 × 10−4 M), and
maintained a good adjustment (R2 = 0.999) and reproducibility.
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of acetaldehyde (AA) and 0.14 U/mL ALDH, 0.14 U/mL DP, 1 mM NAD+, 1 mM K3[Fe(CN)6], and
0.1% BSA in 0.1 M phosphate and 0.1 M KCl buffer solution (pH 8).

Table 1 summarizes the experimental conditions and the electrochemical results in the
detection of AA. According to the linear range of AA, 0.14 U/mL ALDH and 0.14 U/mL
DP were selected to continue with the development of the new enzymatic device.

Table 1. Experimental conditions for the electrochemical detection of acetaldehyde.

Electrochemical
Technique Potential Time ALDH DP NAD+ K3[Fe(CN)6] BSA AA Linear Range

Chronoamperometry +0.40 V 60 s 0.07 U/mL 0.07 U/mL 1 mM 1 mM 0.1% 1 × 10−5–5 × 10−4 M

Chronoamperometry +0.40 V 60 s 0.14 U/mL 0.14 U/mL 1 mM 1 mM 0.1% 5 × 10−6–2.5 × 10−4 M

However, apart from AA there were more components in wine samples that could
interfere in the electrochemical detection, for instance, polyphenols. Initially, calibration
curves with different dilutions of rosé and white wines in buffer solution were carried out
(green dots in Figure 4a,b, respectively) (electrochemical data are shown in Figure S3a,b).
As can be observed, dilutions from 0.05 to 0.5 for rosé wine and 0.1 to 1 (no dilution) for
white wine fit a linear curve. In addition, the same experiments were performed without
a NAD+ cofactor in the sample (orange dots in Figure 4a,b) to remove the contribution
of AA to the current. In this way, these measurements provide the electrochemical signal
associated with other components but not with AA because the enzymatic reaction did
not take place. Similar slopes were obtained working without NAD+, and the interferents
contribution is clearly demonstrated since the electrochemical current was closer than the
response obtained with NAD+. The average of the current difference observed with and
without NAD+ was 0.29 µA and 0.19 µA for rosé and white wine, respectively.
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with different dilutions of wine and 0.14 U/mL ALDH, 0.14 U/mL DP, with (green dots) and without
(orange dots) 1 mM NAD+, 1 mM K3[Fe(CN)6], and 0.1% BSA in 0.1 M phosphate and 0.1 M KCl
buffer solution (pH 8).

Other parameters involved in the detection of AA were optimized to minimize the
contribution of the interferents. Particularly, lower potential + 0.20 V was applied to carry
out the AA calibration with and without NAD+. As was expected, the current value
obtained was lower than when applying +0.40 V, but the contribution of the interferents
in the electrochemical signal did not decrease when NAD+ was not added in the system
(data not shown). A significant alternative to remove the phenolic compounds in wines
consists of their treatment with polyvinylpolypyrrolidone (PVPP) [25–27]. Accordingly,
25 mL of each wine was mixed with 0.5 g of PVPP, the mixture was stirred for at least
5 min and then filtered before being used [28,29]. After this protocol, the samples were
decolored due to the fact that PVPP absorbs most polyphenol present in wines. The
electrochemical calibration of decolored rosé and white wines was performed under the
same experimental conditions as those shown in Figure 4 (0.14 U/mL ALDH, 0.14 U/mL
DP, 1 mM NAD+, 1 mM K3[Fe(CN)6], and 0.1% BSA in 0.1 M phosphate and 0.1 M KCl
buffer solution). Although PVPP is useful to decrease the amount of phenolic compounds,
the electrochemical results (data not shown) do not display good reproducibility and the
accurate quantification of AA cannot be achieved. According to the results obtained, the
electrochemical detection of AA based on the enzymatic ALDH/DP sensor systems seems
complicated and alternative methodologies must be developed.

3.2. Spectroelectrochemical Detection of Acetaldehyde

Spectroscopic detection simultaneously performed with the electrochemical oxida-
tion is an interesting methodology based on the optical properties of the enzymatic sys-
tem employed, particularly those related to the K3[Fe(CN)6]/K4[Fe(CN)6] redox cou-
ple. K3[Fe(CN)6] shows two characteristic UV-vis bands at 310 and 420 nm [30], while
K4[Fe(CN)6] does not show an absorption signal. The main advantage with respect to
electrochemical detection is that K3[Fe(CN)6]/K4[Fe(CN)6] conversion is only related to AA
and not to polyphenols or other interferents present in wine samples. In order to ensure the
removal of this contribution, gallic acid was considered as representative polyphenol and
its optical properties were analyzed. Gallic acid only shows one band at 280 nm, which does
not interfere with K3[Fe(CN)6] bands. An additional advantage of spectroelectrochemical
analysis is that the pretreatment of wine samples is not required.

UV-vis spectroelectrochemistry was carried out, applying +0.40 V for 300 s instead of
60 s to favor the enhancement of the optical signal. The electrochemical reaction (chronoam-
perogram shown in Figure 5a) produces the oxidation to K3[Fe(CN)6] while their char-
acteristic bands are simultaneously detected (Figure 5b) during the whole measurement.
Figure 5b shows the evolution of the spectroelectrochemical signal in 0.6 mM AA during
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300 s. The spectrum of the initial solution, which corresponds to the K4[Fe(CN)6] gener-
ated during the enzymatic reaction, was taken as a reference (blue line in Figure 5b). As
Figure 5b shows, absorbance of UV-vis bands of K3[Fe(CN)6] increases during the oxida-
tion process of K4[Fe(CN)6]. In order to demonstrate that the observed signal corresponds
to the oxidation process previously explained, the optical monitoring of the enzymatic
reaction (10 min) without potential, was carried out. As can be observed in Figure S4, the
absorbance decreases during the enzymatic reaction because the initial K3[Fe(CN)6] present
in solution is reduced to K4[Fe(CN)6] which does not absorb in the UV-vis region.
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Figure 5. (a) Chronoamperometry and (b) UV-vis spectra recorded in 0.6 mM AA, 0.14 U/mL ALDH,
0.14 U/mL DP, 1 mM NAD+, 1 mM K3[Fe(CN)6], and 0.1% BSA in 0.1 M phosphate and 0.1 M KCl
buffer solution (pH 8). Potential of +0.40 V was applied for 300 s.

Different concentrations of AA were evaluated in 0.14 U/mL ALDH, 0.14 U/mL DP,
1 mM NAD+, 1 mM K3[Fe(CN)6], and 0.1% BSA in 0.1 M phosphate and 0.1 M KCl buffer
solution. Figure S5 displays the spectrum obtained after 300 s with different concentrations
of AA. The calibration curve done with the absorbance at 420 nm after 300 s (Figure 6) from
0.1 to 0.7 mM AA fits the equation y = 0.993x + 0.0014. The high correlation coefficient
value (R2 = 0.996) ensures the good adjustment and the usefulness and sensitivity of
the spectroelectrochemical method for the detection of AA in this concentration range.
Furthermore, good reproducibility is demonstrated with the small error bars.
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Figure 6. A calibration plot of absorbance at 420 nm obtained after applying +0.40 V for 300 s with
different concentrations of acetaldehyde (AA) (0.1–0.7 mM) and 0.14 U/mL ALDH, 0.14 U/mL
DP, 1 mM NAD+, 1 mM K3[Fe(CN)6], and 0.1% BSA in 0.1 M phosphate and 0.1 M KCl buffer
solution (pH 8).
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Once the AA calibration was obtained, wine samples were measured. Different
dilutions of white and rosé wines were tested, allowing us to optimize the dilution factor
for each type of wine. In the case of white wine, the most reproducible results which fit
the calibration range were obtained with the sample 1:2 diluted, while rosé wine must be
1:4 diluted to optimize the spectroelectrochemical results. Applying these dilution factors
to the wine samples, the mixture with the other reagents was achieved. After 10 min of
enzymatic reaction, the spectroelectrochemical detection was performed applying +0.40 V
for 300 s and UV-vis spectra were simultaneously recorded. For white wine, absorbance at
420 nm was 0.0212 +/− 0.0012 a.u. (n = 3), while for rosé wine it was 0.0287 +/− 0.0025 a.u.
(n = 3). Quantification of AA was easily calculated extracting the AA concentration from the
calibration curve (y = 0.993x + 0.0014, Figure 6) and considering the dilution factor for each
type of wine, but also the dilution of the wine sample in the mixture with the other reagents.
The concentration of AA was calculated, obtaining 1.99 mM (87.56 mg/L) in white wine
and 5.51 mM (242.44 mg/L) in rosé wine. In addition, an RSD of 5.79% and 8.84% were
obtained for white and rosé wine, respectively. As was previously explained, the variability
in the concentration of AA present in wines is very high, since it not only depends on the
type of wine (white, rosé, etc.), but also on many other factors, with certain wines able to
have a concentration of up to 700 mg/L [3]. As is reported in literature, a concentration
of AA in Cariñena white wine, calculated using gas chromatography–mass spectrometry,
is 87.2–87.9 mg/L [31]. In terms of Jerez rosé wine, the characteristic concentration in
this kind of wine is 220–380 mg/L [32]. Hence, the experimental results obtained in this
work agree with the data reported in the literature using other methods, demonstrating the
usefulness of the spectroelectrochemical enzymatic system.

To validate the spectroelectrochemical method, a commercial assay kit was used to
determine the AA concentration in wine samples. According to the protocol, white and
rosé wines were evaluated using fluorometric tests after 30 min of incubation, obtaining
2.13 ± 0.05 mM (93.72 ± 2.2 mg/L) and 5.41 ± 0.16 mM (238.04 ± 7.4 mg/L), respectively.
Hence, the spectroelectrochemical results obtained with the enzyme sensor system not only
agree with those reported in literature, but also with the value calculated with a commercial
kit designed for that purpose (Table 2).

Table 2. Comparison among several methods for the determination of acetaldehyde in Cariñena and
Jerez wines.

Detection Technique Cariñena White Wine (mg/L) Jerez Rosé Wine (mg/L)

GC-MS 87.2–87.9 [31] 220–380 [32]
Fluorometry 93.72 (this work) 238.04 (this work)

Spectroelectrochemistry 87.56 (this work) 242.44 (this work)

4. Conclusions

In summary, a new spectroelectrochemical enzymatic sensor has been developed in this
work. A combination of electrochemistry and UV-vis spectroscopy in a single experiment
allows us to improve the analytical features that both techniques have separately. The
new device is based on the joint action of ALDH and DP, which produce the oxidation
of AA to acetate, but also generate K4[Fe(CN)6] during the enzymatic reactions. The
K4[Fe(CN)6]/K3[Fe(CN)6] redox couple has interesting optical properties, K3[Fe(CN)6]
has two absorption bands, while K4[Fe(CN)6] does not have any. The spectroscopic signal
obtained in the spectroelectrochemical measurements only displays the two absorption
bands of K3[Fe(CN)6], and additional bands related to the interferents also present in
wines are not detected. In that way, it avoids the pretreatment of the samples to remove
the contribution of other compounds as polyphenols, simplifies the detection protocol,
and saves time and cost. Furthermore, the easy spectroelectrochemical monitoring of the
oxidation of K4[Fe(CN)6] to K3[Fe(CN)6] allows the quantification of AA. Two different
wines have been evaluated in this work and, as the pretreatment was very easy, they only
required an initial dilution, white wine was diluted 1:2 and rosé wine 1:4. The calibration



Biosensors 2022, 12, 1032 9 of 10

curve with absorbance at 420 nm vs. the AA concentration, allowed the quantification of
aldehyde, being 1.99 mM or 87.66 mg/L in white wine and 5.51 mM or 242.57 mg/L in
rosé wine. The spectroelectrochemical results agree with the literature as well as with those
obtained with a commercial kit, and in this way, this spectroelectrochemical enzymatic
sensor opens new possibilities in the detection of acetaldehyde in the wine industry.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/bios12111032/s1, Figures S1 and S2: Chronoamperograms obtained applying +0.40 V for
60 s with different concentrations of AA, ALDH, DP, NAD+, K3[Fe(CN)6] and BSA in phosphate and
KCl buffer solution (pH 8). Figure S3: Chronoamperograms obtained applying +0.40 V for 60 s with
different dilutions of rosé and white wines, ALDH, DP, NAD+, K3[Fe(CN)6] and BSA in phosphate
and KCl buffer solution (pH 8). Figure S4: UV-vis spectra recorded during the enzymatic reaction
(10 min) in AA, ALDH, DP, NAD+, K3[Fe(CN)6] and BSA in phosphate and KCl buffer solution (pH 8).
Figure S5: UV-vis spectra obtained after applying +0.40 V for 300 s with different concentrations of
AA, ALDH, DP, NAD+, K3[Fe(CN)6] and BSA in phosphate and KCl buffer solution (pH 8).

Author Contributions: Conceptualization, D.I.; methodology, D.I. and M.B.G.-G.; investigation D.I.
and M.B.G.-G.; writing—original draft preparation, D.I.; writing—review and editing M.B.G.-G.,
D.H.-S., and P.F.-B.; project administration P.F.-B.; supervision, D.H.-S. and P.F.-B. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by ENZ4IFACES (IDE/2020/000017) project funding by IDEPA
and the European Regional Development Funds under the ERA-NET framework.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

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

References
1. Noguer, T.; Marty, J.L. Reagentless Sensors for Acetaldehyde. Anal. Lett. 1997, 30, 1069–1080. [CrossRef]
2. Avramescu, A.; Noguer, T.; Avramescu, M.; Marty, J.L. Screen-Printed Biosensors for the Control of Wine Quality Based on Lactate

and Acetaldehyde Determination. Anal. Chim. Acta 2002, 458, 203–213. [CrossRef]
3. Arias-Pérez, I.; Sáenz-Navajas, M.P.; De-la-Fuente-Blanco, A.; Ferreira, V.; Escudero, A. Insights on the Role of Acetaldehyde and

Other Aldehydes in the Odour and Tactile Nasal Perception of Red Wine. Food Chem. 2021, 361, 130081. [CrossRef] [PubMed]
4. Liu, S.Q.; Pilone, G.J. An Overview of Formation and Roles of Acetaldehyde in Winemaking with Emphasis on Microbiological

Implications. Int. J. Food Sci. Technol. 2000, 35, 49–61. [CrossRef]
5. Jeong, H.S.; Chung, H.; Song, S.H.; Kim, C.I.; Lee, J.G.; Kim, Y.S. Validation and Determination of the Contents of Acetaldehyde

and Formaldehyde in Foods. Toxicol. Res. 2015, 31, 273–278. [CrossRef]
6. Parkinson, A.E.; Wagner, E.C. Estimation of Aldehydes by the Bisulfite Method: An Improved Procedure. Ind. Eng. Chem.-Anal.

Ed. 1934, 6, 433–436. [CrossRef]
7. Li, Z.; Fang, M.; LaGasse, M.K.; Askim, J.R.; Suslick, K.S. Colorimetric Recognition of Aldehydes and Ketones. Angew. Chem.

2017, 129, 9992–9995. [CrossRef]
8. Miyake, T.; Shibamoto, T. Quantitative Analysis of Acetaldehyde in Foods and Beverages. J. Agric. Food Chem. 1993, 41, 1968–1970.

[CrossRef]
9. Guan, X.; Rubin, E.; Anni, H. An Optimized Method for the Measurement of Acetaldehyde by High-Performance Liquid

Chromatography. Alcohol. Clin. Exp. Res. 2012, 36, 398–405. [CrossRef]
10. Noguer, T.; Marty, J.L. An Amperometric Bienzyme Electrode for Acetaldehyde Detection. Enzyme Microb. Technol. 1995, 17,

453–456. [CrossRef]
11. Marty, J.L.; Mionetto, N.; Noguer, T.; Ortega, F.; Roux, C. Enzyme Sensors for the Detection of Pesticides. Biosens. Bioelectron. 1993,

8, 273–280. [CrossRef]
12. Noguer, T.; Gradinaru, A.; Ciucu, A.; Marty, J.L. A New Disposable Biosensor for the Accurate and Sensitive Detection of

Ethylenebis(Dithiocarbamate) Fungicides. Anal. Lett. 1999, 32, 1723–1738. [CrossRef]
13. Noguer, T.; Marty, J.L. High Sensitive Bienzymic Sensor for the Detection of Dithiocarbamate Fungicides. Anal. Chim. Acta 1997,

347, 63–70. [CrossRef]
14. Navarro, C.; Begoña, M.; García, G.; Hernández, D.; Aranzazu, M.; Colina, A.; Fanjul-Bolado, P. Electrochemistry Aqueous

UV–VIS Spectroelectrochemical Study of the Voltammetric Reduction of Graphene Oxide on Screen-Printed Carbon Electrodes.
Electrochem. Commun. 2016, 64, 65–68. [CrossRef]

https://www.mdpi.com/article/10.3390/bios12111032/s1
https://www.mdpi.com/article/10.3390/bios12111032/s1
http://doi.org/10.1080/00032719708004039
http://doi.org/10.1016/S0003-2670(01)01580-X
http://doi.org/10.1016/j.foodchem.2021.130081
http://www.ncbi.nlm.nih.gov/pubmed/34022483
http://doi.org/10.1046/j.1365-2621.2000.00341.x
http://doi.org/10.5487/TR.2015.31.3.273
http://doi.org/10.1021/ac50092a021
http://doi.org/10.1002/ange.201705264
http://doi.org/10.1021/jf00035a028
http://doi.org/10.1111/j.1530-0277.2011.01612.x
http://doi.org/10.1016/0141-0229(94)00068-3
http://doi.org/10.1016/0956-5663(93)85007-B
http://doi.org/10.1080/00032719908542928
http://doi.org/10.1016/S0003-2670(97)00127-X
http://doi.org/10.1016/j.elecom.2016.01.017


Biosensors 2022, 12, 1032 10 of 10

15. Garoz-Ruiz, J.; Perales-Rondon, J.V.; Heras, A.; Colina, A. Spectroelectrochemical Sensing: Current Trends and Challenges.
Electroanalysis 2019, 31, 1254–1278. [CrossRef]

16. Hernandez, S.; Perales-Rondon, J.V.; Arnaiz, A.; Perez-Estebanez, M.; Gomez, E.; Colina, A.; Heras, A. Determination of
Nicotinamide in a Multivitamin Complex by Electrochemical-Surface Enhanced Raman Spectroscopy. J. Electroanal. Chem. 2020,
879, 114743. [CrossRef]

17. González-Diéguez, N.; Colina, A.; López-Palacios, J.; Heras, A. Spectroelectrochemistry at Screen-Printed Electrodes: Determina-
tion of Dopamine. Anal. Chem. 2012, 84, 9146–9153. [CrossRef]

18. Hernandez, S.; Perales-Rondon, J.V.; Heras, A.; Colina, A. Determination of Uric Acid in Synthetic Urine by Using Electrochemical
Surface Oxidation Enhanced Raman Scattering. Anal. Chim. Acta 2019, 1085, 61–67. [CrossRef]

19. El-Said, W.A.; Kim, T.H.; Chung, Y.H.; Choi, J.W. Fabrication of New Single Cell Chip to Monitor Intracellular and Extracellular
Redox State Based on Spectroelectrochemical Method. Biomaterials 2015, 40, 80–87. [CrossRef]

20. Lynk, T.P.; Clarke, O.J.R.; Kesavan, N.; Brosseau, C.L. Development of a Sustainable Plasmon-Enhanced Spectroelectrochemical
Sensor Using Avocado Pit (Persea americana) Extract. Sens. Actuators B Chem. 2018, 257, 270–277. [CrossRef]

21. Cannan, S.; Douglas Macklam, I.; Unwin, P.R. Three-Dimensional Imaging of Proton Gradients at Microelectrode Surfaces Using
Confocal Laser Scanning Microscopy. Electrochem. Commun. 2002, 4, 886–892. [CrossRef]

22. Imai, K.; Okazaki, T.; Hata, N.; Taguchi, S.; Sugawara, K.; Kuramitz, H. Simultaneous Multiselective Spectroelectrochemical
Fiber-Optic Sensor: Demonstration of the Concept Using Methylene Blue and Ferrocyanide. Anal. Chem. 2015, 87, 2375–2382.
[CrossRef] [PubMed]

23. Wilson, R.; Schiffrin, D.J.; Luff, B.J.; Wilkinson, J.S. Optoelectrochemical Sensor for Lead Based on Electrochemically Assisted
Solvent Extraction. Sens. Actuators B Chem. 2000, 63, 115–121. [CrossRef]

24. Ibáñez, D.; Izquierdo-Bote, D.; González-García, M.B.; Hernández-Santos, D.; Fanjul-Bolado, P. Development of a New Screen-
Printed Transducer for the Electrochemical Detection of Thiram. Chemosensors 2021, 9, 303. [CrossRef]

25. Bilko, M.; Gunko, S.; Babych, I.; Naumenko, O.; Mukoid, R.; Ischenko, M.; Doboniy, I.; Danylenko, S.; Bovkun, A.; Stotska, O.
Investigation of the Appearance and Elimination of Pinking Coloration in White Wines. East.-Eur. J. Enterp. Technol. 2022, 1,
56–62. [CrossRef]

26. Nel, A.P.; du Toit, W.J.; van Jaarsveld, F.P. Pinking in White Wines—A Review. S. Afr. J. Enol. Vitic. 2020, 41, 151–157. [CrossRef]
27. Gil, M.; Avila-Salas, F.; Santos, L.S.; Iturmendi, N.; Moine, V.; Cheynier, V.; Saucier, C. Rosé Wine Fining Using

Polyvinylpolypyrrolidone: Colorimetry, Targeted Polyphenomics, and Molecular Dynamics Simulations. J. Agric. Food
Chem. 2017, 65, 10591–10597. [CrossRef]

28. Shin, K.S.; Lee, J.H. Acetaldehyde Contents and Quality Characteristics of Commercial Alcoholic Beverages. Food Sci. Biotechnol.
2019, 28, 1027–1036. [CrossRef]

29. Grassin, C.; Dubourdieu, D. Quantitative Determination of Botrytis Laccase in Musts and Wines by the Syringaldazine Test. J. Sci.
Food Agric. 1989, 48, 369–376. [CrossRef]

30. Schroll, C.A.; Chatterjee, S.; Heineman, W.R.; Bryan, S.A. Semi-Infinite Linear Diffusion Spectroelectrochemistry on an Aqueous
Micro-Drop. Anal. Chem. 2011, 83, 4214–4219. [CrossRef]

31. Escudero, A.; Asensio, E.; Cacho, J.; Ferreira, V. Sensory and Chemical Changes of Young White Wines Stored under Oxygen. An
Assessment of the Role Played by Aldehydes and Some Other Important Odorants. Food Chem. 2002, 77, 325–331. [CrossRef]

32. Ribéreau-Gayon, P.; Dubourdieu, D.; Donèche, B.; Lonvaud, A. Handbook of Enology: The Microbiology of Wine and Vinifications;
John Wiley & Sons, Ltd.: Chichester, UK, 2006; Volume 1, ISBN 0470010347.

http://doi.org/10.1002/elan.201900075
http://doi.org/10.1016/j.jelechem.2020.114743
http://doi.org/10.1021/ac3018444
http://doi.org/10.1016/j.aca.2019.07.057
http://doi.org/10.1016/j.biomaterials.2014.11.023
http://doi.org/10.1016/j.snb.2017.10.137
http://doi.org/10.1016/S1388-2481(02)00482-4
http://doi.org/10.1021/ac504321u
http://www.ncbi.nlm.nih.gov/pubmed/25607737
http://doi.org/10.1016/S0925-4005(00)00332-4
http://doi.org/10.3390/chemosensors9110303
http://doi.org/10.15587/1729-4061.2022.252472
http://doi.org/10.21548/41-2-3952
http://doi.org/10.1021/acs.jafc.7b04461
http://doi.org/10.1007/s10068-019-00564-1
http://doi.org/10.1002/jsfa.2740480312
http://doi.org/10.1021/ac200551n
http://doi.org/10.1016/S0308-8146(01)00355-7

	Introduction 
	Materials and Methods 
	Reagents and Instrumentation 
	Methods 
	Electrochemical and Spectroelectrochemical Detection of Acetaldehyde 
	Preparation of Wine Samples 
	Determination of Enzyme Activities and Michaelis Constants 


	Results 
	Electrochemical Detection of Acetaldehyde 
	Spectroelectrochemical Detection of Acetaldehyde 

	Conclusions 
	References

