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Abstract

Monitoring the malolactic fermentation process iscdy required to guarantee the
sensorial quality and freshness of red wines. ¢bidd be achieved by in-field and real-
time continuous measurements of L-malate conceéotrat the fermentation tanks. The
potential of a miniaturized amperometric bienzymaiosensor as an analytical tool to
be applied in such scenario is described in thpepalrhe biosensor comprises a thin-
film gold electrode as transducer, malate dehydrage (MDH) and diaphorase (DP)
enzymes together with nicotinamide adenine dinuiceo(NAD") cofactor as the

selective receptor and an adequate redox mediatore¢ord the corresponding
amperometric signal. Three different biosensor igectures are studied, whose main
differences lie in the immobilization of the diféat chemical components onto the
electrode surface. In all cases a fast-electrosyhitted polypyrrole (PPy) membrane is

generated for this purpose. The experimental cmmditare optimized an the best



architecture shows a sensitivity of 1365+110 mA'" lm? and a detection limit of

6.3x10° M in a concentration range of 1x1M — 1x10°M. The biosensor presents an
excellent working stability as it retains above%0of its sensitivity after 37 days, thus
enabling the monitoring of the malolactic fermeimtatof three red wines. The obtained

results show excellent agreement with the standalatimetric method.

Keywords: Amperometric bienzymatic biosensor; Electrosynthesi polypyrrole
membrane; Immobilization of redox mediator; L-makcid analysis; Malolactic

fermentation

1. Introduction

L-malic acid is one of the principal organic acids grapes [1]. It is mainly
synthesized via glycolysis and its concentratiopethels on the climatic conditions and
temperature during harvesting and crushing of tapeg [2]. However, the presence of
L-malic acid affects the final quality of the wiry deteriorating its biochemical and
microbial stability, and hence its sensorial qyal#nd freshness. This is why an
adjustment of the acidity is performed in red wibgsmalolactic fermentation (MLF),
wherein the L-malic acid, in a concentration of 3 g L* (7.5x10° — 2.2x10* M), is
converted to L-lactic acid and GOy lactic acid bacteria action [3]. During alcolgoli
fermentation, yeast strain converts grape sugdugoge and fructose, into ethanol.
Once these sugars are consumed, the yeast conicenttacreases and the lactic acid
bacteria (LAB) perform the malolactic fermentatiosing the malolactic enzymes [4].
Natural or induced malolactic fermentation is aadrout in the production of all red

wines.



The conventional analytical methods for the deteation of L-malic acid in wine
are chromatography [5-7] and electrophoresis [8,TBese methods require the use of
bulky expensive equipment and are time consumitigrdative enzymatic approaches
based on the detection of nicotinamide adeninectiotide (NADH) by absorbance
were also reported [10]. In them, L-malic acid xsdized to oxaloacetate in presence of
NAD™ and catalyzed by L-malate dehydrogenase (L-MDRyeme. Then, the produced
NADH is detected by absorbance at 340 nm and stwedtrically related to the L-
malic acid in the sample. However, this proceduas to be carried out in an external
laboratory and is reagent consuming. The applinattd biosensors for in-field
determination of malic acid appears to be an eagtloption for the strict and
continuous control of this fermentation processeskhare based on different enzymatic
approaches [11-15], but the most applied one maisesof a cascade bienzymatic
reaction involving the catalytic reactions of L-MDahzyme in the presence of NAD
as co-factor, and consecutively of Diaphorase (Bfyme coupled to an appropriate
redox mediator. The readout of this reaction carcdreied out by spectrophotometry

[16] or amperometry [17, 18].

In this work, the potential of an amperometric krosor for in-field detection of L-
malate is presented. Amperometric biosensors aaeacterized by its small size, low
manufacturing costs, potential portability for itusanalysis, low volume reagent
consumption, wide linear response range and hifgctsaty and reproducibility [19].
Different redox mediators can be selected to retlvedbiosensor amperometric signal.
The careful selection of a mediator is fundamefatathe successful performance of the
developed device [20]. In the case of those NADetielent enzyme reactions, the
mediator participates in the electrocatalytic regation of the NAD cofactor. In this

context, the most commonly used mediators are agalyes [21] and inorganic redox



ions [22]. Although the mediator is commonly addedsolution during the biosensor
performance, a lot of work has also been done enrtorporation of the mediator on
the transducer surface together with the restai®@micals (enzymes and cofactors) in
order to construct reagentless biosensors thataseer to use and show enhanced
sensitivities [23]. Selective immobilization proses are based on physically
entrapment in electropolymerized layers, among retjg4]. One very convenient
polymer is polypyrrole (PPy) that can be easilycessed in aqueous solutions at

neutral pH, shows good biocompatibility, condudginand stability.

In this work, a PPy layer was generated on theasarbf a thin-film gold electrode
with the aim of entrapping and thus constructing edectrochemical bienzymatic
biosensor for the L-malate determination. Differesdox mediators were initially tested
for selecting the most suitable one in terms ohalgreversibility, low oxidation
potential and compatibility with the PPy membraAecomparative study was then
conducted with three different biosensor architextubased on the partial or full
immobilization of the required chemical reagentshe PPy membrane. The biosensor
performances were assessed in terms of workinglistand analytical characteristics.
The selected biosensor architecture was eventugblplied to the L-malic acid

monitoring during the MLF of three red wines.

2. Materials and methods

2.1. Reagents and solutions

All reagents were of high purity, analytical grade equivalent and were
purchased from Sigma-Aldrich, unless stated otrswAll solutions were prepared
using de-ionized water. For the cleaning of theteteles, ethanol 96% and 6 M sulfuric

acid (HbSOQy) were used. Diaphorase (DP, fro@lostridium kluyveri lyophilized



powder, 3-20 U m{ solid) andp-Nicotinamide adenine dinucleotide hydrate (NAD
96.5% enzymatic, from yeast) were stored in a #eet -20 °C and used as received.
15-puL 2.4 U p* Malate dehydrogenase (MDH, from porcine hearteZesdried
material,>119 U mg" solid, Sorachim, S.A.) aliquots were prepared sfuded in a
freezer at -20 °C. Pyrrole (reagent grade, 98%) distgled and stored in a freezer at -
20 °C. A 0.05 M phosphate buffer solution (PB) @arepl with potassium phosphate
monobasic (KHPO;) and adjusted at pH 7 with NaOH 0.1 M was useddlbrthe

optimization and electrochemical characterizatigpegiments.

A set of PB solutions containing 2 mM of differeeompounds (2,6-
Dichlorophenolindophenol sodium salt hydrated0 %, Gallocyanine 90 %, Toluidine
Blue O 80 %, Nile Blue A 75 %, 1,:Dimethylferrocene 95 %, Methyl Red sodium
salt, Tetrathiafulvalene 97 %, Hexaammineruthenlith chloride (Ru(NH)sCls, 98
%) and Potassium ferricyanide {Kke(CN)], > 99 %)) were prepared for the

optimization study of the redox mediator.

A set of PB solutions containing 2 mM of potassiferricyanide, 2 mM of L-
malate (L-(-)-Malic acid, Reagent Plus > 99.9%)m® of NAD", 0.5 U DP and a
different MDH activity (0 U, 1 U, 2 U, 3 U, 4 U and U), were prepared for the
optimization of the DP:MDH ratio. A set of PB sobiris containing 2 mM of potassium
ferricyanide, 2 mM of L-malate, 0.5 U DP, 3 U MDHndh different NAD
concentrations (0 mM, 0.05 mM, 0.1 mM, 0.2 mM, ¥, 1 mM and 2 mM) were
prepared for the optimization of the enzymes:caeiac ratio. For the
chronoamperometric L-malate detection, a PB satutiontaining 0.1 M KCI, 5 mM

NAD™" and a L-malate concentration from 1¥1@ to 1x10° M was used.



For the interference study, a PB solution with M1KCIl, 5 mM NAD" and
5x10° M of the analyzed interfering compounds was pregafhe studied interferents
were glycerol, glucose, gluconic acid, fructoseeti@cacid, citric acid, ethanol, L-
Lactate (L-(+)-lactic acid>99%), tartaric acid and ascorbic acid (all themchased

from Panreac, Spain)
2.2. Devices and equipment

The thin-film gold electrodes used as transduceesewabricated on silicon
substrates at the Instituto de MicroelectroniceBdecelona (IMB-CNM) according to
standard microelectronic technology [25]. The cie was 3x3.5 mfrand included a
cell with two electrodes, namely the working elede (WE) with an area of 1.62 fim
and the counter electrode (CE) with an area of 2@ (Fig. S1 in Supporting
Information (SI)). The chips were wire-bonded ompranted-circuit board (PCB) and
packaged using Ebecryl photocurable polymer follmyi a standardized
photolithographic process developed at the IMB-C[28].

A 20-pL poly (methyl methacrylate) (PMMA) cell wasbricated for the
electrosynthesis of the polymeric membrane. Detaileformation of this
electrochemical cell is described in a previousk\ar].

Cyclic voltammetry (CV) and chronoamperometry wemerformed at room
temperature with an Autolab electrochemical wortksta(PGSTAT-100 potentiostat —
galvanostat, Ecochemie, Uthecht, The Netherlandshected to a PC with GPES
(General Purpose Electrochemical System) softwabaring the biosensor
characterization, the three-electrode cell was deteg with a Ag/AgClI (3.0 M KCI)
double junction (Orion 92-02-00, Thermo Fisher 8tfee Inc., Berverly, USA)

reference electrode, and the integrated on-chipiaryxelectrode.



The morphological characterization of the polymdiiims was carried out by
scanning electron microscopy (SEM, Auriga from Czelss, Spain) and focused ion

beam (FIB, Crossheam 1560 XB from Carl Zeiss).
2.3. Optimization of the DP:MDH and (DP:MDH):NADatios

The enzymes and co-factor relative concentratiorsolution were optimized in
96-well low-binding polystyrene ELISA plates (Camgi Incorporated, United States)
by absorbance measurements with a Thermo Electratiskbn EX plate reader
(Thermo Fisher Scientific). Firstly, DP:MDH ratioas studied using 100-uL PB
solutions containing 0.1 M KCI, 2 mM potassium ieyanide, 2 mM L-malate and
different amounts of the two enzymes. A fixed DRivaty of 0.5 U was set and six
activities of MDH (0 U, 1 U, 2 U, 3 U, 4 U and 5 Were tested, these resulting in
DP:MDH ratios of 1:0, 1:2, 1:4, 1.6, 1.8 and 1:1l@gspectively. Secondly,
(DP:MDH):NAD" ratio was optimized using in this case 100-uL PButsmns
containing 0.1 M KCI, 2 mM of potassium ferricyagjd2 mM of L-malate, 0.5 U of
DP, 3 U of MDH and different amounts of NAO mM, 0.05 mM, 0.1 mM, 0.2 mM,
0.5 mM, 1 mM and 2 mM) whose corresponding (DP:MINAD" ratios were 1:0, 1:2,
1:4, 1:6, 1:8 and 1:10, respectively. Each soluti@s analyzed in triplicate after being
stirred for 45 s and then leaving it undisturbedf® min for the enzymatic reaction to
take place. Then, the absorbance value of the cieegotassium ferricyanide at 405

nm wavelength was recorded [28].
2.4. Voltammetric study with different redox mealiat

Following previous studies on the electrocatalgtxedation of NADH [29, 30],
eight organic compounds (2,6-Dichlorophenolindomhersodium salt hydrate,

Gallocyanine, Toluidine Blue O, Nile Blue A, 1imethylferrocene, Methyl Red,



Ferrocene and Tetrathiafulvalene) and two inorgaalts (Hexaammineruthenium (III)
chloride (HAR) and Potassium ferricyanide) wereteésas redox mediators. Cyclic
voltammetric experiments were performed using lthe-film gold electrodes applied in
this work, in 10 mL PB solutions (pH 7) containidg M KCI and 2 mM of each redox
mediator. In the case of 1,1’-dimethylferrocene #etdathiafulvalene, a 10% ethanol
was added to the aqueous solutions in order toaweptheir solubility. The redox
processes ascribed to each mediator were compatedns of reversibility, current and
redox potential values as well as solubility. Itgala mediator showing a fully
reversible redox process taking place at low pakntin order to avoid interferences
from other species that may be present in the s@meples, and showing a high current
density is pursued. Also, these species should bawd water solubility to allow for

the strict control of the polypyrrole membrane &lesynthesis.

The redox mediators that best meet all these cteaistics were incorporated

into a PPy membrane generated on the transdudacspas described below.

2.5. Electrosynthesis of the polymeric membranes

Before the electrogeneration of the PPy layer thinefilm gold electrodes were
cleaned and activated [25]. The conditions fordleetrosynthesis on the surface of the
gold transducers were optimized elsewhere [27]n@ygshe PMMA cell mentioned
above and a Ag wire as pseudo-reference electeotl®,85 V potential was applied in a
PB solution containing 0.4 M pyrrole (monomer) &t M KCI (counter-ion). The PPy
membrane was electrosynthesized in two consecptwentiostatic steps. In the first
step, the redox mediator was entrapped in a PPyhbmara for ensuring the good
electron transfer with the transducer surface araldang competition with the other

species (enzymes and cofactor) during the membyeoneth. The concentration of the



redox mediator was fixed to 10 mM for ensuringaisess against the other chemical
reagents involved in the bienzymatic process. Temuraulation charge during this
electrosynthesis was fixed to 250 mCtrin the second step, the enzymes (MDH and
DP) and the cofactor (NAD) were entrapped in a new PPy membrane, fixing the
accumulation charge to 500 mC €énirhis accumulation charge enabled the efficient
entrapment of enzymes as has been previously deratatsby our group [27]. Current
profiles recorded during the potentiostatic genenadf the PPy/redox mediator and the

PPy/enzyme films are depicted in Fig. S2 (in the Sl

Using these electrosynthesis conditions, threeewdifft biosensor architectures
that differ in the immobilization of the differeabmponents, were assessed: Biosensor
1, the mediator was not immobilized and the sepsdiormance was tested in solutions
containing the selected mediator; Biosensor 2NA®™ cofactor was not immobilized
and the sensor performance was tested in soluttmm$aining this cofactor and
Biosensor 3, both the redox mediator and the cofaatere immobilized on the

electrode surface.
2.6. Chronoamperometric measurements

Chronoamperometric measurements were carried outapplying a set
overpotential that depended on the selected redediator. This potential allows re-
oxidizing the reduced mediator generated during benzymatic process and the
faradaic current recorded is stoichiometricallyatetl to the L-malate concentration in
the sample (see more details in Fig S3 in Sl). Qibsensors were calibrated in 10 mL
PB solutions (pH 7) containing L-malate in a coricaion range between 1x1av

and 1x10 M. All the measurements were done by triplicate.

10



Firstly, a study on the working stability of theffdrent biosensor architectures
was performed. The study consisted of periodicbcalions for over 40 days. The

biosensors were stored in PB at 4 °C when notén us

Once the more stable architecture was selectedjitisensor performance was
assessed in terms of repeatability, reproducibiignsitivity, linear range and limit of
detection to L-malate using three biosensors fabe@t under the same experimental
conditions.

In order to evaluate the selectivity of the optiedz biosensor,
chronoamperometric measurements were performedBisdRitions containing 5x10
M concentrations of glycerol, glucose, gluconicdadructose, acetic acid, citric acid,

ethanol, L-lactate, tartaric acid, or ascorbic asdnterferences.
2.7. Analysis of real samples coming from wine taatec fermentation processes

A study with wine samples was conducted in ordezvaluate the applicability
of the developed bienzymatic biosensor. Three redesv (2013 vintage, from
Tarragona, Spain) based on Marcelanne, Petit VaddtSyrah grape varieties, were
provided by the Catalan Institute of Vineyard andn&/(IRTA-INCAVI). In these
wines, the malolactic fermentation was induced Iopculation of a strain of
Oenococcus oertactic acid bacterialhe analyzed samples were collected periodically
during the malolactic fermentation process. Theg aaconcentration of L-malic acid
from 0 to 2x10°'M (0 — 2.5 g [Y). Ten samples from the Marcelanne wine (“Wine 1”)
along 32 days, 5 samples from the Petit Verdot wWidéine 2”) along 15 days and 11
samples from the Syrah wine (“Wine 3”) along 34 slayere analyzed with the
developed biosensor. These samples were dilutéi)Q@(“Wine 1"), 1:25000 (“Wine

2") and 1:10000 (“Wine 3”) in PB solution to adjuse L-malic acid concentration to

11



the linear range of the amperometric biosensor. Aigh sensitivity of the biosensor
allowed these high dilutions of the wine samplésistavoiding the potential matrix
effects that could interfere in the determinatidhe results obtained were compared
with the standard enzymatic method used by the HNBAVI. This is an enzymatic
catalyzed reaction between the L-malate and the N&Dproduce NADH, whose
concentration increase is measured by absorban8dCathm and stoichiometrically

related to the L-malate concentration in the sam[8].

3. Results and discussion

3.1. Selection of the DP:MDH and (DP:MDH):NARatios

The enzymes and cofactor relative concentratiorre wptimized and results are
shown in Fig. 1. The absorbance value decreasdudtingtincrease of MDH activity up
to 3 U, remaining constant for higher values. Thhs, optimum DP:MDH ratio was
1.6. Then, the DP and MDH activities were fixedtb U and 3 U, respectively, and the
NAD™ concentration was increased from 0 to 2 mM. Thwnded absorbance values
levelled off for NAD" concentrations above 0.5 mM. Thus, the (DP:MDH)EINAatio

was set to 2:1. These ratios were selected fdiutitleer biosensor fabrication.

3.2. Selection of the redox mediator

All the selected redox mediators of this study hpxeviously been applied in
amperometric biosensing [29, 30]. The correspondyic voltammograms recorded
with the thin-film gold electrodes are shown in F&4 and Fig. S5 in Sl. Unlike in
those reported studies that make use of these toegjishe expected quasi-reversible
signals could not be recorded with all of them.sTimight be related to the use of a gold
electrochemical transducer instead of the carb@eddransducers applied in those

works. Table 1 includes the electrochemical paramsetextracted from these

12



voltammograms. Using the oxidation potentialEas the initial parameter to select
these species, the lowest values were obtaine@dtiocyanine, Toluidine Blue O and
HAR (-250 mV, -275 mV and -180 mV, respectivelyymAng these three redox
mediators, Gallocyanine and Toluidine Blue O showaedsimilar peak potential

separation 4E,), while this is about two times larger for HAR. &) the ratio of

oxidation to reduction peak currents was compakéalues around 1 indicate the
absence of coupled chemical reactions. This iscdse for Gallocyanine and HAR,
while is around 2.1 for Toluidine Blue O. Theseethrredox mediators showed
oxidation peak current densities higher than 250qm#. Besides, all three are fully
water soluble, therefore the electrosynthesis d¢mmdi of the PPy would not be

modified by presence of any organic solvent.

Then, the electrogeneration of the PPy/mediator bnane on the surface of the
gold transducers was carried out in solutions doimg 10 mM of each of these three
redox mediators. Toluidine Blue O formed a bluecfoi¢ate during the polymerization
process. This is likely to be related to the polgizaion of this redox mediator by the
one-electron oxidation of the NHyroup and the formation of a radical cation at the
potential applied during the PPy electrosynthesesmitrane [31]. By contrast, both
Gallocynine and HAR could be entrapped in the PRynbrane and the time to achieve
an accumulation charge of 250 mCtmas 70 and 30 s, respectively. The resulting
membranes were rinsed with PB and tested by cydltammetry and then stored
immersed in PB solution at 4 °C. After 24 h, theg//Rllocyanine- modified transducer
nearly lost all its voltammetric response and tH2 $dlution turned blue-colored,
meaning that the mediator leached from the polypgrmembrane. This may be due to
charge repulsion between the positively chargedropyrand the Gallocyanine

molecules during the PPy membrane electrosyntiiesisvould make these species not

13



to be efficiently entrapped and thus to be eagBched. The same experiment was
repeated with PPy/HAR-modified transducer, thispkeg its voltammetric response
after the 24-h period. Therefore, this redox mexdliatas selected for the fabrication of

the biosensor architecture.
3.3. Selection of the biosensor architecture

The working stability of the three different biosen architectures, described in
section 2.5, was analyzed for over 40 days. Tledirife estimated from the percentage
of the initial sensitivity kept over time, is showmFig. 2. In the three cases, an initial
decrease of the sensitivity is observed duringfitls¢ eight days, probably related to
partial leaching of the chemical species not tighthmobilized within the PPy
membrane. This decrease was more pronounced feertsor 3 (all reagents in the PPy
membrane), which lost 30% sensitivity after 5 daysl 45 % after 8 days, and
biosensor 1 (redox mediator in solution), whicht [b8 % sensitivity after 3 days, 20%
after 7 days and 40% after 18 days. However, beme2 architecture (NADin
solution) just lost 10 % after 37 days. The deaeassensitivity of biosensor 1 and 3 is
likely to be due to the fast decomposition of tmrapped NAD [32]. Biosensor 2
appeared to be the most suitable for the monitasing-malic acid during the red wine
fermentation process, taking into account that aintained around 90% of the initial
sensitivity after 37 days. Then it suddenly decedas 30 % of the initial value after 42
days, probably due to the denaturation of the inmhzelol enzymes. This architecture

was then selected and fully characterized, as itbestim the following sections.

3.4. Morphological characterization of the PPy fdm
The thickness and morphology of the electrogeadr&Py membranes are

influenced by some experimental parameters, sueppléeed potential and accumulated

14



charge during the electrosynthesis, counter-iomired for the PPy polymerization, as
well as the chemical and biochemical species epédjin the resulting membrane and
present in the polymerization solution [33]. TheyRRembrane thicknesses, measured
by FIB, (Fig. S6 in SI) was 1.3 um and 2.5 um fbe tPPy/HAR and the
PPy/(DP:MDH) membranes, respectively. This diffeeens in accordance with the
electrical charge associated to the electrosyrdh@fsboth membranes, being twice for
the PPy/(DP:MDH) membrane than that of the PPy/H#d. An additional SEM

image (Fig. S6 in SI) showed the homogeneity andiaoess of the PPy membranes.

3.5. Evaluation of the biosensor performance

The optimized biosensor was calibrated by chrompmaometry in PB solutions
containing 0.1 M KCI, 5 mM NAD and a L-malate concentration ranging from 1%10
M to 1x10° M. A -0.15 V potential (vs. Ag/AgCl) was chosen safering the
voltammetric response of the selected redox medi{&ig. S5 de la Sl), at which the
HAR reduced species generated by the enzymatidioraare oxidized back to the
HAR. Results are shown in Fig. 3 A. The sensor aasp followed an exponential
trend, and the current started to level off at Zbne after initiating the measurement.
The signal was recorded during 120 s and the meaart density value of the last 20 s
was used as analytical signal. As expected, therded current density increased with
the L-malate concentration. Then, it can be saad the biosensor response was 70 s
and the overall assay time is set to 120 s. Thbra#ibn curve is shown in Fig. 3 B. A
linear range was observed in a concentration rénoge 1x10° M — 1x10° M (1.3x10°
—1.3x10" g L") of L-malate with a sensitivity of 1365+110 mAMm? (r = 0.998, n
= 5). A limit of detection of 6.3xI®M, calculated using thes3lUPAC criterion, was

obtained. For L-malate concentration above 1%M, the biosensor response is

15



saturated, this following the usual behavior of &hdelis-Menten kinetic process.
Regarding the biosensor reproducibility, threeedéht devices were calibrated on the
same day, obtaining a relative standard deviafR$LY) of the sensitivity lower than 10

%.

The biosensor selectivity to L-malate was assessewsidering the possible
interferences found in wine. Results are shown ion B. Among all of them, just
ascorbic acid produced a non-negligible biosenssponse that is related to the
irreversible electrochemical oxidation that statshe applied potential of -0.15 V and
whose maximum anodic peak current appears at -0/0f38l]. Although ascorbic acid
exists in small quantities in grapes (around 10 Infgor 7.5x10° M), it rapidly
disappears during the fermentation and initial t@maprocesses [3]. Therefore, it is
anticipated that the red wine samples coming frbenrhalolactic fermentation process
would not contain ascorbic acid. Therefore, it dam stated that the L-malate

determination is not affected by the presence tefiaerences.

3.6. Application of the biosensor in real wines plea from malolactic fermentation

The biosensor performance for the L-malate deteatinin in wine samples
collected during the malolactic fermentation waseased. Fig. 5 shows the results of
the analysis of samples collected from the ferntemtgrocess of three red wines and
the values obtained with the standard colorimetrgthod. An excellent agreement was
achieved with absolute errors below 0.24(IL.5%10° M) in all the samples. As can be
seen, almost all values obtained with the bioseasemwithin the uncertainty range at
95% of the standard method. The evolution of thdionaid during the fermentation
processes was as expected. When the concentrdtibrmalic is below 0.3 g !

(2.2x10° M) for 3 consecutive determinations, the transfaion to L-lactic acid

16



ended. In this case, the three wines analyzed banwleted this process. During the
winemaking, the detection of this end point is veipportant in order to
microbiologically stabilize the wine by adding shilff|g on time. If not, the lactic acid
bacteria begin to degrade the sugars, producirigaease of acetic acid concentration
in wine. This affects negatively the taste and odbthe final product. It is worth
mentioning that all measurements performed in stigly were carried out with the
same biosensor, which retained the 90% of itsalngensitivity after analyzing more
than 80 measurements, including all the wine sasngewell as the calibrations carried

out before and after the analysis of each wine.

3.7. Comparative study with other L-malate ampetoimbiosensors

Table 2 shows the analytical characteristics ofdineeloped L-malate biosensor
and other amperometric biosensors based on theofuB8DH, previously reported.
Regarding the application of coupled enzyme reastithere is one biosensor using just
MDH and most of them also incorporate DP for impmgvthe sensitivity. The
biosensor described in this work clearly outperfortime other approaches in terms of
sensitivity and detection limit. This may be pdijiaelated with the immobilization of
the chemical species in a conductive polypyrrolemim@ane synthesized under
biocompatible conditions that may preserve the erezgctivity almost intact. Besides,
using an electropolymerization approach such a®mtieedescribed in this work enables
the strict controlled deposition of the requirecemiical species making it compatible
with the application of miniaturized transducery. @ntrast, the estimated biosensor
linear range is slightly shorter than that showrother devices. It is suggested that this
may be related to the limited amount of mediatotraggped in the polymer film

compared with that when the mediator is kept iutsah. Nevertheless, immobilizing
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the mediator together with the enzymes is highlgirdéle in order to minimize the

number of reagents added to the measuring solution.

A biosensor applied to the monitoring of the matbtafermentation must show
a long-term working stability under continuous Umexause the fermentation process
takes around 30 days. Some of the biosensors ile Pabhow storage stability values,
showing excellent results after months or yearsweéi@r, the working biosensor
stability is significantly worse, this being rested to few days and thus limiting the
biosensor performance for the proposed applicaff¢tve biosensor developed in this
work maintains 90 % of its initial sensitivity aft87 days in solution and continuous
use, being the only amperometric biosensor basédiA reported so far that could be
applied to the real-time monitoring of malolacterhentation processes. Finally, some
biosensors have been applied to the determinatibmualate in wines samples and one
of them has been tested in synthetic wines sampissilating the malolactic
fermentation process. However, the biosensor pteden this work is the only one that
has been assessed using real samples collected duei malolactic fermentation of red

wines.

4. Conclusions

An electrochemical bienzymatic biosensor for théedeination of L-malate
based on the co-entrapment of MDH and DP enzyngetier with the redox mediator
in an electrosynthesized PPy film has been devdlopbe study performed with 10
different redox mediators demonstrated that theddexmineruthenium (Ill) chloride
can be effectively entrapped in the PPy film. Aligh the incorporation of the NATas
enzymatic cofactor into the PPy membrane was asessed, the working stability was

limited by the chemical decomposition of NADThe results demonstrated that the

18



developed biosensor presented a very high semgitvith a low limit of detection.
Besides, the biosensor retained more than 90 %s afriginal sensitivity over 37 days
of performance, allowing its successful applicattonthe L-malic acid monitoring

during the malolactic fermentation of three redegin
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Table LChemical structures of the studied redox mediadacstheir main redox values
obtained in solution: oxidation potential(F peak potential separationg,) and the

ratio between the oxidation and the reduction peakents (/1 eq)

Eox/ | AEp/ | |10y

Redox mediator Chemical structure V| MV | led]
2 6- cl
Dichlorophenolindophenol Oj;‘j\ OONa O 10 | 55 0.4
sodium salt hydrate cl SN
Os_OH
. N cl”
Gallocyanine . OQ&,CHG -250 | 59 0.9
OH CHy
HsC Ny cl
Toluidine Blue O HZN]@SQN',CHs -274 | 66 2.1
CHa

* O QP
Nile Blue A szm&/\cm 0o - - -
I\CHJ
2

&= CHs
|
1,1'-Dimethylferrocene Fe 68 57 1.7

Methyl Red N 126 | 205 0.9
\©\’T"CH3
CHj
<
Ferrocene Fe 190 85 1.3
J=>N
_ s s
Tetrathiafulvalene [ Pt ] 110 | 94 1.8
s s
Hexaammineruthenium HSN\THS/N”a
(111) chloride HSN/Z:\NHs © -180 80 0.9
. o
Potassium v | ok 220 | 120/ 08

ferricyanide(lll)

N

*There is no signal of the oxidation peak current
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475  Table 2.L-malate amperometric biosensors based on MDH iextin the literature.
. e Sensitivity Linear range LOD .
Enzymes Electrode Mediator Immobilization - Stabilit Samples Reference
Y (uA MY (M) (M) Y P
. : . 90 % after 1
Carbon-  Ferricyanide entrapment in 1.5%x10° - 5
MDH/DP Paste in solution  the carbon paste i 1.5x10° 1.5x10 month of i [35]
storage
100 % after 5
Ferricyanide dialysis i 5 5 month of .
MDH/DP  Carbon "~ . "0 membrane 1x10°-1.3x10°  1x10 storage or 5 Wines [36]
assays
i o)
MDH  SWCNT physical 455x10'  2x10%-8x10°  3.3.x100 (oveafter5S [37]
absorption measures
63 % after 7
Gold . days or 30
Ferricyanide . 1.5%10° - s assays or 90 .
MDH/DP planar in solution chitosan layers 5.50x10" 5 2x10" 5.4x10 % after 1 Wines [18]
electrode
year of
storage
MPA-SAM and . .
MDH/DP  Gold disk TTF dialysis 158x1G  5.2x107-2x10° 5.2x1g! 90 e after7  Synthetic [17]
days MLF
membrane
Thin-flm  Hexaammine 90 % after 32 Red wines
MDH/DP gold ruthenium PPy entrapment  2.18x1d 1x107 - 1x10°  6.3x10°  days or 80 This work
. from MLF
electrode (lIl) chloride assays
476  TTF: tetrathiafulvalene; MPA: 3-mercaptopropinicidcSAM: self-assembled monolay&WCNT: single-wall carbon nanotubes;
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Figure Captions

Fig. 1. Absorbance recording of ferricyanide for differdsibcomponents ratios a)
DP:MDH and b) (DP:MDH):NAD. Measurements were carried out in PB solution
containing 2 mM potassium ferriyanide, 2 mM L-malaind different concentration of
DP, MDH and NAD. Each point corresponds to the mean value of tteplkicates and

the error bars represents the standard deviation.

Fig. 2. Comparativestudy of theworking stability along 38 days for the three prepd
biosensor architectures: biosensor 1 (green colstats), biosensor 2 (red colored
triangles), and biosensor 3 (blue colored circles),

Fig. 3 A) Chronoamperometric response of the developedebsor for L-malate
concentrations in a range of 1x1M (a) to 5x10 M (g). B) Calibration curve for L-
malate representing the mean current value of thepkcates recorded consecutively

with the same biosensor. The error bars correspwtite standard deviation.

Fig. 4. Current density response of the biosensor in swigticontaining different

interferents at a concentration of 51K.

Fig. 5 Comparative analysis of wine samples collectedinduthe malolactic

fermentation process for three red wines. Dashm$ land circles show the values of L-
malic acid measured with the developed biosensdrsatid lines and squares, those
obtained with the colorimetric standard method. €her bars represent the uncertainty

at 95 % in the case of the colorimetric method.
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Adsorbance 405nm

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

0.5U DP

T T

2 3
MDH activity (U)

Adsorbance 405nm
o
»
1

0.5UDP
3.0 U MDH

0,3 b
0,2 5 .
0,1 i { h
T T T T T
0,0 0,5 1,0 1,5 2,0

[NAD'] (mM)

28



Fig. 2
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Fig. 3
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Fig. 4
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HIGHLIGHTS

e Bienzymatic electrochemical biosensor for L-malate.

¢ Malate dehydrogenase and diaphorase enzymes entrapped into a electrosynthesized
polypyrrole film.

¢ Optimized redox mediator also incorporated into the polymeric film.

¢ Long-term stability for over 37 days.

¢ Application to L-malic acid determination during the malolactic fermentation of red

wines.
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ACCEPTED MANUSCRIPT

NAD* L - malate
MDH
NADH oxalate
DP
NAD*

Fig. S3.Scheme of the bi-enzymatic reactions associatétetb-malate detection.
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Fig. S6 SEM images of the transversal cut done by FIBthe estimation of the
thickness of (A) PPy/mediator and (B) PPy/enzymembranes. C) SEM image

showing the morphology of the PPy membrane surface.



