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Abstract

An amperometric biosensor based on malate quinone oxidoreductase (MQQO) was developed for monitoring of the malolactic fermentatior
wines. Screen-printed electrodes coupled with appropriate mediators were used as transducers for this novel biosensor. MQO was immobil
by physical entrapment in a photo-cross-linkable poly(vinyl alcohol) polymer (PVA-SbQ) on the surface of the working electrode. Sever
electrochemical mediators were studied in order to lower the applied potential and minimise the matrix effects. Among them, 2,6-dichlorophe;
indophenol (DPIP) and phenazine methosulfate (PMS) were chosen for further development. The working conditions (mediator concentrati
applied potential and pH) were optimised for both DPIP and PMS. Detection limits for both types of biosensors wghd ofalic acid.
Sensitivities obtained for the linear part of the calibration curve were 0.85 and 1.7 mA/M for the biosensors based on DPIP and PMS, respectiv
Interferences due to non-specific oxidations were shown to be negligible when using PMS as mediator.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction fermentation can be controlled by the use of starter cultures and,
therefore, the determination pfmalic acid during the wine fer-
From earliest development, wine has had a special place imentation is necessary to allow the winemaker to take the proper
our customs, diet and social gatherings. The understanding of tlkecisions flaicas et al., 2000
complex transformation of the grape must into wine allows the The monitoring of malolactic fermentation is usually done
producers to monitor and control the different steps of this proby measuring the total acidity and the volatile acidity of wine
cess in order to obtain more refined products. The winemakin¢Kinkee, 199}, by means of chromatographic methoBslfna
process includes an alcoholic fermentation conducted by yeaand Barroso, 200Q2or by electrophoresisQastineira et al.,
and a secondary fermentation performed by lactic acid bacteri2000. These methods are not adapted to the competences and
called malolactic fermentatiof\(exandre et al., 2004During  financial constraints of small winemakers, for whom cheap and
malolactic fermentation the-malic acid is converted to lactic smart devices like biosensors represent an attractive alternative.
acid and CQ by the lactic bacterid.euconostoc sp. andLac- Biosensors are easy-to-handle devices able to detect selectively
tobacillus sp. (Du Plessis et al., 2002Malolactic fermentation and quantitatively a specific compound in real time and in situ.
has an important influence on the final taste of the wine and, In literature, mono- and bi-enzymatic biosensors have been
depending of the wine type, it should be either avoided, condescribed for the determination of malic acid in wines. Most of
trolled or even encouragedd Revel et al., 1999Malolactic ~ them are based on NABdependent dehydrogenases. Malate
dehydrogenase (MDH, EC 1.1.1.37) has been shown to be an
appropriate enzyme for the specific detection.ghalic acid.
* Corresponding author. Tel.: +33 468662255; fax: +33 468662223. However, due to the unfavourable equilibrium of the enzymatic
E-mail address: noguer@univ-perp.fr (T. Noguer). reaction, MDH-based biosensors require high NAfncen-
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trations to shift the reaction equilibrium towards the product The MQO is known to interact with electron donors like:
side. The NAD may be added free in the measuring media or2,6-dichlorophenol indopenol (DPIP), 3(4,5-dimethyl thiazolyl
immobilized on the transduceGprton and Dominguez, 2002  1-2) 2,5-diphenyl tetrazolium bromide, menadione (Vitamin K),
Another option to shift the equilibrium is to use more com-cytochrome C Asano and Brodie, 1963 phenazine metho-
plex bi-enzymatic systems involving glutamate-oxaloacetatesulfate (PMS), ferricyanideGhsima and Tanaka, 199and
transaminase (GOT, EC 2.6.1.M¢llering, 1985. A selective  ubiquinones Bott and Niebisch, 2004 An important issue
determination ofr-malate in wine was also done using a to take into account in the development of the amperometric
bi-enzymatic biosensor based on the coupling-®iDH and  biosensors is the choice of a suitable electrochemical mediator
diaphoraseKatrlik et al., 1999. The transducer consists in a that ensures the proper electronic transfer and at the same time
graphite solid binding matrix including the coenzyme NAD avoids interferences due to matrix effects. There are numerous
The enzymes were placed onto the transducer surface amganic and inorganic electrochemical compounds that may be
covered by a dialysis membrane for reducing interferencesised as mediators, the choice being made in function of the
Hexacyanoferrate (l1l) was used as mediator and the optimurparticularity of the developed system and the imposed working
value of the polarization potential farmalate biosensor was conditions.
+300mV versus SCE. Non-specific responses were observed In this study, screen-printed electrodes have been used as
due to the oxidation of easily oxidizable components of redransducers due to their overall performances, low cost and the
wines like phenolic acids, flavonoids and other polyphenolspossibility to be mass-produced. Several electrochemical medi-
Another bi-enzymatic sensor was described based on MDH arators have been tested either in solution or immobilized on the
NADH oxidase using an oxygen electrode to monitor oxygerelectrode surface, as the mediated process may be homogenous
consumption izutani et al., 199L This sensor enables or heterogeneou£haubey and Malhotra, 20p2
determination of.-malic acid with a detection limit of p.M. The working principle of our biosensors is the following:
The NADP'-dependent malic enzyme (ME, EC 1.1.1.40) o .
has also been used to develop mono-enzymatic amperometgialic acid+MQO-FAD — Oxaloacetic acid- MQO-FADH;
biosensors for the detection pfmalic acid in red winesHsti ~ MQO-FADH, 4 Med (0x) - MQO-FAD + Med (red)
et al., 2004. The enzyme was immobilized in a reactor, while Med(red)— Med (ox)+ 2e~
NADP* and the electrochemical mediator phenazine methosul- o o ]
phate (PMS) were added in standard solutions or diluted wind0 our knowledge, this is the first time that MQO is used as a
samples (dilution factor 1:100). The working principle of the biological element for the construction of a biosensor.
biosensor is based on the reduction of molecular oxygen to
H20,, by NADPH in the presence of PMS, followed by the oxi- 2. Materials and methods
dation of the HO» at the surface of the Pt electrode polarised
at +650 mV versus Ag/AgCl. The detection limit achieved with 2.1. Reagents
this biosensor was 3M and the response time was 3.5 min.
The effect of the red wine matrix on biosensor performance was Malate quinone oxidoreductase (MQO, EC 1.1.99.16) with
studied by spiking wine samples after malolactic fermentatioran activity of 3.51U/mL was provided by GTP Technology
with known amounts of the-malic acid. A recovery between (Labege, France) and stored at@ for up to 3 months.
93 and 100% and a relative standard deviation of less than 4%he enzymatic activity of MQO was measured by spec-
was observed. trophotometry using DPIP (Sigma, France) as electronic
Despite their interesting characteristics, the most importanacceptor; DPIP reduced form was determined. at600 nm
problem concerning the previous mono- or bi-enzymatic biosent = 22000 L mott cm™1).
sors is that all of them are based on malate dehydrogenase The enzymes were immobilized by entrapment in a
or malic enzyme, which are respectively NARnd NADP - photocrosslinkable polyvinyl alcohol containing stilbazolium
dependent. The stable immaobilization of the enzymes, mediatoigroups (PVA-SbQ), type SPP-S-13 (bio) (polymerization degree
and cofactors is still challenging and work should be done inL700) provided by Toyo Gosei Kogyo Co. (Japan).
order to obtain satisfactory stability, sensitivity and selectivity =~ Stock solutions of 0.1 M malic acid (Sigma, France), 10 mM
for detection in real samples and commercial applications.  DPIP (Merck, France), 0.4 mM benzoquinone (BQ) (Aldrich,
This paper presents a completely different approach tdérance),5mM naphtoquinone sulfonic acid (NQSA)and 10 mM
develop a biosensor for malic acid using the membranephenazine methosulfate (PMS) (Fluka, France), 10mM 8-
associated malate quinone oxidoreductase (MQO, Edimethylamino-2,3-benzophenoxazine (Meldola’s blue (MB)),
1.1.99.16). MQO is a flavin adenine dinucleotide (FAD)5mM Nile blue (NB) and 10 mM potassium hexacyanoferrate
enzyme able to catalyse the oxidationiefnalate to oxaloac- (Sigma, France) were prepared in distilled water. PMS and BQ
etate in the presence of electron donors. The main advantagéock solutions were kept in ice, protected from light and were
of this enzyme is the fact that it catalyses the irreversible constable only few hours.
version of malate without requiring any soluble coenzyme like Screen-printed electrodes were fabricated using the follow-
NAD®. It is mostly studied inCorynebacterium glutamicum, ing pastes: Electrodag PE-410, 423SS, 6037SS (Acheson, UK),
but its existence was proven in several bacteMalénaar et C2030408D3 (Gwent Electronic Materials, UK) and graphite
al., 1999. Timrex T15 (Lonza, Switzerland). Clear, transparent PVC sheets
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(200 mmx 100 mmx 0.5 mm) were used as electrode supportsrinsing the Nanosep 10 K Omega filtration microtube three times
7,7,8,8-Tetracyanoquinodimethane (TCNQ) (Aldrich, France)with 20 L of distilled water. This 6QuL desalted enzyme solu-
ammonium tetrathiocyanodiammonochromate (Reinecke saltjon was mixed with 6L of PVA-SbQ and homogenised by
(Sigma, France) and hydroxyethyl-cellulose (HEC) (Fluka,vortex mixing. Acomplete removal of ammonium sulphate from
France) were used to prepare the chemically modified workthe enzyme solution and an homogeneous mixing with PVA-
ing electrodes. Two French wines were used as real sampleSbQ conditioned the good operational stability of biosensors.
Rivesaltes Tui (red wine) and CorgtTolosan Moelleux (white  Then, 2uL of the mixture were carefully spread on the WE
wine). surface (directly or after modification with the electrochemical

The supporting electrolyte was a 0.1 M phosphate buffer solumediator). The electrodes were exposed to neon light for 4 h at
tion (PBS) containing 0.1 M KCl and adjusted to pH 7.1 or 7.8.4°C to allow the entrapment of the enzymes by photopolymer-

ization. The electrodes were then kept for 24 h in a dessicator at

2.2. Apparatus 4°C and stored at this temperature for up to 1 month.

Spectrophotometric measurements of the enzymatic activitg.5. Detection procedure
were performed using a Hewlett Packard diode array 8451A
spectrophotometer. Amperometric measurements were carried Amperometric measurements were performed in a glass cell
out using a 641VA potentiostat (Metrohm, Switzerland), con-containing 5 mL of PBS solution magnetically stirred. A fixed
nected to a BD40 X-t recorder (Kipp & Zonen, The Nether- potential was then applied versus the screen-printed Ag/AgCl
lands). Cyclic voltammetric studies were carried out usingpseudoreference electrode, depending on the electrochemical
an Autolab PGSTAT12 electrochemical analyser (Eco-Chemienediator used. When the mediator could not be incorporated
The Netherlands). A Minispin centrifuge (Eppendorf, Germany)into the electrode material, an aliquot of the mediator stock solu-
with Nanosep 10 K Omega filtration microtubes (Pall Companytion was injected in the cell. After current stabilization (baseline

USA) were used for enzyme desalting. signal), standard solutions of malic acid or wine samples were
injected. As a result of substrate addition, the current increased
2.3. Preparation of the screen-printed transducers up to a plateau corresponding to the steady state response. The

analytical signal was measured as the difference between the cur-

Screen-printed electrodes (SPEs) were produced in ouent intensity recorded for the baseline and for the steady state.
laboratory using a DEK 248 printing machine according toThe cellwas washed with distilled water between measurements.
a previously described procedurdndreescu et al., 2002 Interferences were estimated by repeating the measurements
but in a three-electrode configuration. The working electrodainder identical conditions, but using a SPE without enzyme.
(WE) was a 4 mm graphite disk, the auxiliary electrode was
a 16 mmx 1.5mm curved line surrounding the WE and the 3. Results and discussion
Ag/AgCl pseudoreference electrode was a 5mm5mm
straight line close to the WE. The WE were modified with elec-3.1. Choice of the electrochemical mediator
trochemical mediators using: (1) a water-based mixture of HEC
with graphite-TCNQ according tAndreescu et al. (2002§2) Several redox mediators were studied in the aim of opti-
an aqueous mixture of HEC, graphite powder (Timrex T15) andnising the biosensor performance in terms of sensitivity and
Meldola’s blue complexed with Reinecke salt, following the pro-interference minimization. Mediators (organic and inorganic)
cedure fromAvramescu et al. (2001(3) a cobalt-phtalocyanine- are capable of accelerating heterogeneous electron transfer, for
modified polymeric ink based on the approach developed bynolecules that are reasonably electroactive. The gain in detec-
Abass and Hart (199°0r (4) Prussian blue by slightly modify- tion limit and selectivity in comparison to a normal electrode

ing a previously described protocdlifet al., 2004. may be substantiaNagels and Staes, 2001n oxidase-based
biosensors, mediators are low molecular weight redox couples,
2.4. Enzyme immobilization which shuttle electrons from the redox centre of the enzyme to

the electrode surface. During the catalytic reaction, the medi-

The enzyme was immobilized directly on the WE surface byator first reacts with the reduced enzyme and then diffuses to
entrapment in PVA-SbQ using a previously reported proceduréhe electrode surface to undergo rapid electron transfer. The rate
slightly modified @ndreescu et al., 2002Fifty microliters of  of production of the reduced mediator is measured amperomet-
MQO were separated from ammonium sulfate and stabilizerscally by oxidation at the electrodeChaubey and Malhotra,
by five successive ultrafiltrations at 10,000 rpm for 15 min. The2002. The use of redox mediators for the construction of the
first centrifugation allowed removing of enzyme storage bufferoxidase-based biosensors has been shown to be an effective
The subsequent two centrifugations were carried out after addapproach to lower the applied potential and therefore to min-
tion of 100uL of 0.1 M PBS while for the last ones 1(Q. of imise the oxidation of the numerous species presentinthe sample
distilled water were added. If the liquid did not completely passmatrix. However, an electrochemical mediator will not allow
through during the 15 min centrifugation, then another centrifuto completely eliminate interferences, due to the fact that it
gation step was performed before the addition of the subsequentay also mediate the reduction/oxidation of the sample matrix
rinsing solution. Finally, the desalted enzyme was collected byChen et al., 2001 Therefore, the ideal electrochemical medi-
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ator must shuttle electrons between the WE and the enzyntle sensor response to 1 mM malic acid. The current produced
at a high rate and show only a limited interaction with otherby interferences was substantial smaller at +50 mV, but at this
chemical species from the sample matrix. Other than the natuigotential biosensors were unoperational. In view of all these
of the electrochemical mediator, the overall performance of theesults, the BQ was considered to be inappropriate for the devel-
biosensors is influenced by the mediator concentration, their usgpment of malic acid biosensors.

free in solution or immobilized on the WE, the applied poten- Screen-printed electrodes modified with TCNQ were first
tial and the working pH. In this work, the working potential for tested at a potential of +100 mV versus Ag/AgCI either using
each mediator was chosen by cyclic voltammetry and confirme80 M cysteamine or 1 mM acetylthiocholine after their mod-
by amperometry testing the biosensor response at differeification with acetylcholinesterase. The transducers presented
potentials. appropriate analytical characteristics under these conditions, but

Several electrochemical mediators were investigated in ordehe MQO-based biosensors showed a negligible current inten-
to construct an appropriate transducer. Nile blue, MB, NQSAsity, equivalent to only 5% of the one obtained with DPIP. This
potassium hexacyanoferrate, BQ, DPIP, PMS were tested free gignal was considered too small to make a successful analyt-
the electrolyte solution, while Prussian blue, TCNQ, cobalt (Il)ical device for practical approaches. The SPEs modified with
phtalocyanine and Meldola’s blue precipitated with Reineckecobalt (II) phtalocyanine were tested under the same conditions
salt (MBRS) were incorporated in the WE prior to enzymeas those modified with TCNQ. These sensors did not give any
immobilization. All tests were performed with the enzyme analytical signal when tested at +100 mV or even +400 mV ver-
immobilized in a PVA matrix on the WE. sus Ag/AgCI.

Preliminary tests for the choice of the electrochemical media- Potassium hexacyanoferrate was tested at a potential of
tors consisted in the evaluation of the acquirable analytical signat350 mV versus Ag/AgCl with a concentration of 0.1 mM (final
using biosensors and the level of interferences using enzyména the electrochemical cell). This electrochemical mediator was
free electrodes. The analytical signal was determined usinghown to allow exchange of electrons with MQO, the analyt-
1 mM malic acid. This substrate concentration corresponds tical signal being 40% of that obtained with DPIP under the
the beginning of the plateau of the calibration curve and represame conditions. However, the interfering current measured
sents the maximum analytical signal that may be obtained. Thepon injection of 5Q.L of red wine was 400 nA, which is sub-
interferences were evaluated by injecting0of red wine in  stantially higher than the analytical signal obtained with 1 mM
the electrochemical cell containing 5 mL of PBS. malic acid. Due to this high level of interference, potassium

DPIP was already used for the development of glucose oxihexacyanoferrate was considered to be unsuitable for the deter-
dase biosensor#\(nine et al., 1998 As MQO is also a FAD mination of malate in real samples. The same behaviour was
enzyme and its activity can be spectrometrically estimated usingbserved using 0.1 mM naphtoquinone sulfonic acidat a poten-
a protocol based on DPIP, some efforts have been made towartial of 0 mV versus Ag/AgCI.
the application of this mediator to the construction of the malic Meldola’s blue was tested also free in solution at a poten-
acid sensor. Some preliminary tests were carried out leadintgial of +10 mV versus Ag/AgCl and at a final concentration of
to significant analytical responses when working at +50 m\0.1 mM. Under these conditions, the magnitude of the analytical
versus Ag/AgCl and using 0.2 mM DPIP. Under these condisignal of MQO-based biosensors was small, only 15% of that
tions, MQO biosensors provided an important analytical signahchieved using DPIP. This tendency was confirmed when using
(350 nA), higher than the interferences (90 nA for the red wine)electrodes modified with precipitated Meldola’s blue (MBRS),
Further studies concerning the optimization of the main paramwhich did not produce any analytical signal, probably because of
eters affecting the analytical response using this mediator athe distance between the enzyme active site and the incorporated
shown in detail in next section. mediator. The overall performance of Meldola’s blue-modified

PMS was subsequently proposed as an alternative electresensors were thus considered unsatisfactory to continue further
chemical mediator, because of its reported successful perfostudies.
mance for the fabrication of biosensors based on FAD oxidases Prussian blue-modified electrodes were obtained by applying
(Wang et al., 200L Amperometric measurements carried outa potential of +200 mV for 4 min in a freshly prepared agqueous
at —50mV versus Ag/AgCI and using 0.3mM PMS producedsolution of FeG 1 mM and Kg[Fe(CN)] 1 mM. The transduc-
high current intensities, with a magnitude similar with the oneers were then thoroughly rinsed with distilled water and dried
obtained using DPIP and showing smaller interference levelvernight in a dessicator under slight vacuum at room tempera-
Further studies concerning the use of PMS are presented in tlwere. They were amperometrically tested at a potential of +10 mV
next section. versus Ag/AgCI by injecting KO- to a final concentration of

Benzoquinone (BQ) was used at a concentration gfMO  9uM or after their further modification with glucose oxidase
Although a potential of +50 mV versus Ag/AgCl is normally at the same potential using 0.1 mM glucose as substrate. Under
enough to oxidize the hydroquinone (reduced BQ), no analytithese conditions they showed a satisfactory operational stabil-
cal response was obtained with the MQO biosensors under thedg (up to 10 successive measurements) even at pH 7, but it
conditions and a potential of +400 mV was needed to measumas necessary to avoid the presence of high concentrations of
an oxidation current. Under these conditions, the signal intensitila®" to prevent Prussian blue decomposition. The transducers
was 90% of that obtained using DPIP. However, at this potenwere stable when the buffer contained kstead of N3, but
tial, the interferences produced by red wine were higher thaRrussian blue did not interact with MQO to produce an analyt-
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Table 1
Performances of the electrochemical mediators tested
Mediator Form used Working potential (mV) Analytical signal (nA) Interferences by red wine (nA)
DPIP Free in solution (0.2 mM) +50 350 90
PMS Free in solution (0.3 mM) -50 300 -15
BQ Free in solution (4Q.M) +50 No signal
BQ Free in solution (4Q.M) +400 320 1100
TCNQ Immobilized on WE +100 Negligible
Co (Il) phtalocyanine Immobilized on WE +100 No signal
Co (Il) phtalocyanine Immobilized on WE +400 No signal
Potassium hexacyanoferrate Free in solution (0.1 mM) +350 140 400
MB Free in solution (0.1 mM) +10 Small signal
MB Immobilized on WE +10 No signal
PB Immobilized on WE +10 No signal
Nile blue Free in solution (0.1 mM) —150 No signal

ical signal. The same negative results were achieved using Nighown inFig. 1, the optimum concentration of DPIP and PMS
blue 0.1 mM as mediator at150mV versus Ag/AgCl. The were 0.2 and 0.3 mM, respectively.
main results of this mediator investigation are summarized in The most appropriate working pH for a biosensor is depen-

Table 1 dent on the enzyme activity, but also on the influence of the pH
on the performances of the mediat@h@ubey and Malhotra,
3.2. Optimization of detection parameters 2002. The choice of the most appropriate working potential

was accomplished by comparing the analytical signals of the

Among all electrochemical mediators tested, only DPIP andiosensors with the level of interference at different potentials.
PMS were chosen for further MQO-based biosensors develog-iplicate measurements of the analytical signal were carried out
ment, due to their ability to transfer electrons from MQO andusing 1 mM malic acid in PBS pH 7.1 containing either 0.2 mM
their relatively low non-specific interactions with the sampleDPIP or 0.3mM PMS. The interferences due to easily oxidiz-
matrix. The use DPIP was already described for the mediate@ble compounds present in wine samples were studied using
oxidation of NADH (Prieto-Simon and Fabregas, 200ir the  either red wine or gallic acid, which is often used as polypheno-
development of glucose oxidase based biosengonine etal., lic model compound. The signal due to interfering compounds
1993 or for the construction of a lactate biosenskirano et~ was estimated, under the same measuring conditions, with an
al., 200). The PMS was previously used for the construction ofenzyme-free electrode upon addition of &0 of red wine or
a biosensor for dimethyl sulfoxidé\bo et al., 2003 a glucose 5 mM gallic acid in the measuring cell containing 5mL PBS.
oxidase-based biosensw4ng et al., 200jand dehydrogenase These non-specific responses were expressed relatively to the
based biosensor€(rulli et al., 1997. analytical response of the sensors to 1 mM malic acid.

In this work, these two mediators were used in soluble forms. The studied voltage ranged from10 to 100mV versus
The concentration of mediator, the applied potential as well adg/AgClfor DPIP and from-100 to 50 mV versus Ag/AgCl for
the working pH were optimised. PMS. When the potential was shifted to more cathodic values,

The concentration of the used mediator has a significantinflua decrease of the analytical signal and the interfering current
ence on the response and, for a constant enzyme activity, avas observed for both electrochemical mediators. The optimum
increase in mediator concentration or its efficiency results ipotential was chosen as a compromise between the magnitude
increases in both sensitivity and dynamic rangedding et al.,
2000. Thus, the typical behaviour for a mediator-based sensor
shows an increase of the sensitivity and dynamic range with 1000 7 . ¢ DCIP
the mediator concentration (when the response is limited by g4 |
the enzyme-mediator kinetics) followed by a stabilization at *
high mediator concentration (when the response is limited by < 5% 1
enzyme-substrate kineticd)ig et al., 2000. The optimization 400 @ X X
of DPIP and PMS concentration was performed by successive ¢ X X
injections of the electrochemical mediator in the electrochemi- 20 | #, %X
cal celland measuring the induced current variations. This study 0 X , , ,
was performed with MQO biosensors at a potential of +100 mV 0 200 400 600
versus Ag/AgCI, using 1 mM malic acid at pH 7.1. As expected, Mediator (uM)
an increase of the mediator concentration induced an enhance- _ . .

. . Fig. 1. Influence of the electrochemical mediator concentration on the mag-
ment of the f”malytlcal respo.nse, until aplateau was reaqhed. T*H ude of the analytical signal. Experimental conditions: working potential
lowest mediator concentration of the plateau was considered ta0omv vs. Ag/AgCI pseudoreference, substrate: 1 mM malic acid in 0.1 M
be the optimum one, as it provided the maximum signal. A®BS pH 7.1.

* X PMS

1(nA)
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Table 2
Effect of the working potential on the interferences level observed using red wine and gallic acid
Potential (mV vs. DPIP PMS
Ag/AgCl) - - - - - - - - : -
Malic acid (1 mM) Red wine Gallic acid Malic acid (1 mM) Red wine Gallic acid
AS (nA)  Relative AS IS (nA) RI IS (NA) RI AS (nA) Relative AS IS(nA) RI IS (nA) RI
100 41752 1 105+ 15 0.25 355:48 085 - - - - - -
50 405+63 0.97 100+ 9 0.25 34534 0.85 496:81 1 25+ 5 0.05 55+ 13 0.11
10 342+41 0.82 95+ 10 0.28 337A442 099 4606:t88 0.94 15+ 5 0.03 14+ 13 0.03
-10 205+26 0.49 75+ 9 0.37 300t40 1.46 4006:t72 0.82 0+ 3 0 7+ 15 0.02
-50 - - - 31565 0.64 -10+7 -0.03 -17+12 -0.05
—100 - - - 27557 0.56 —-10+7 -0.04 3+ 15 0.00

AS, analytical signal; relative AS, ratio between the analytical signal of the biosensor obtained at the studied potential and the current itrett®il@dsensor
at +100 mV vs. Ag/AgCI (DPIP) or +50mV vs. Ag/AgCI (PMS); IS, interfering signal; RI, relative interference = interference current/analytitahseyage of
three independent measurements.

of the analytical signal and the relative percentage of the inter- The reproducibility of PMS-based biosensors was compa-
ferences. From the experimental results present€alife 2the  rable to the DPIP-based ones. It was studied using 0.3mM
most appropriate potentials were considered to be +50 mV aneMS, 1 mM malic acid and a working potential ef10 mV
—10mV versus Ag/AgCI for DPIP and PMS, respectively. In versus Ag/AgCI. The average response of the same biosensor
the case of DPIP, the relative interferences were very high whatvas 404 25nA (#=8, R.S.D.=6.2%). Concerning PMS, an
ever the potential used, while for PMS the interference level wagnportant source of errors was due to the poor stability of this
much reduced. mediator. The PMS stock solutions have to be kept in ice and
The choice of the working pH was carried out by measuringused only during a few hours. A change of colour of PMS stock
the analytical signal corresponding to 1 mM malic acid in PBSsolution from yellow to green was an indication of mediator
solutions adjusted to different pH values. The working condi-degradation.
tions were those previously optimised (0.2 MM DPIP at+50mV The calibrations for malic acid were carried out by suc-
versus Ag/AgCl and 0.3 mM PMS at +10 mV versus Ag/AgCl). cessive substrate additions. Under the optimised working
Using a single biosensor, only few successive measurementenditions, a limit of detection of pM malic acid and
were performed. An eventual enzyme denaturation was checked plateau due to substrate saturation around 1 mM malic
at the end of the measurement by performing a new determinacid were achieved using DPIP as mediator. The -cali-
tion at pH 7.1. In order to reduce the errors produced by thération curve of MQO biosensors was linear from 5 to
differences between the analytical signals of different biosen250uM of malic acid ¢ (nA)=853x C(mM)+8.8; n=8,
sors, data interpretation was made by reporting the measuref =0.9912), but the dynamic range was substantially larger
current value at each pH to the one obtained at pH 7.1 witlsince a polynomial relation was observed from 5 to 50
the same biosensor. The investigated pH range for DPIP wasalic acid ((nA)=—-678x C?(mM?)+933x C (mM) + 10;
6.7-8.7, as it was not possible to work at pH lower than 6.7. The = 13, R>=0.9932). The apparent Michaelis constmﬂpp =
maximum analytical signal using DPIP was obtained at pH 7.10.3 mM was calculated using Lineweaver—Burk representation
In the case of PMS, the investigated pH range was 6.2—8.7. Th@/I (nA) = 0.0008x (1/C (mM)) + 0.0019:z = 19, R = 0.9989).
pH-related variations of the analytical signal were shown to be
more important for this electrochemical mediator, the optimum

response for PMS being observed at pH F§(2).
1.60 1

1.40
1.20 4

1.00 - -—

0.80 B
=X=PMS

0.60

0.40 A

3.3. Biosensors characterization

The biosensors presented a satisfactory operational stability,
as they allowed at least 10 successive determinations. The oper-
ational stability was checked for every lot of biosensors.

The reproducibility of the DPIP-based biosensors was
tested by measuring the response to 1 mM malic acid using
0.2mM DPIP at +50 mV versus Ag/AgCl. The average of the 0.20 1
amperometric signal using the same biosensor for successive .00 ; . ; ; . )
substrate injections was 35112nA (=9, R.S.D.=3.3%). 6 6.5 7 7.5 8 8.5 9 PH

Reproduubﬂny assays using 6 biosensors of the same IcHig.Z. Influence of pH on the relative magnitude of analytical signal (compared

showed a _R-S-D- of 14% (36152 nA) The reproducibility o response at pH 7.1). Experimental conditions: 0.2 mM DPIP, applied potential
between biosensors produced in different batches was 26%0mv vs. Ag/AgCl, or 0.3 mM PMS, applied potentiall0 mV vs. Ag/AgCl,
(38699 nA). substrate: 1 mM malic acid in 0.1 M PBS.

AS (relative to pH=7.1)
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500 - <DCIP For that purpose, non-specific current was measured with an
% % o |xPMs enzyme-free SPE and the obtained current values were sub-
400 1 x X R . * tracted from the analytical signals obtained with MQO biosen-
300 X< . ¢ 018 . sors. This procedure was used for both PMS and DPIP-based
< XX . otz X sensors, even if interferences were shown to be negligible using
=200 £ o 2 oos . PMS. The results obtained for unspiked wine with both DPIP
;fo' =004 ey X and PMS are in good agreement. The recovery percentages
100 1x* °2 50 100 150 200 of enriched samples were between 80 and 132%, respectively
g 1/malic acid (mM-1) (Table 3
0 ; . ‘ ‘
0 0.5 1 15 2
malic acid (mM) 4. Conclusions

Fig. 3. Calibration graphs obtained for MQO biosensors using DPIP (0.2 mM, . o o
applied potential 50 mV vs. Ag/AgCl, pH 7.1) and PMS (0.3 mM, applied poten-  This work highlights the possibility to develop MQO-based
tial —10mV vs. Ag/AgCl, pH 7.8). Inserted graph shows Lineweaver-Burk amperometric biosensors for the determination of malic acid

representation used to calculate appafgnt in wine. This enzyme presents a promising alternative for the

) _development of NAD-independent malic acid sensors. Several
~ The MQO biosensors based on PMS showed also a detectiflectrochemical mediators have been tested, only DPIP, PMS,
limit of 5 WM malic acid, but saturation was achieved at lowergq and k;[Fe(CNY] allowing to obtain a significant analytical
substrate concentrations than using DPIP. The calibration grapfignal. Among them, DPIP and PMS showed suitable electro-
showed linearity for malic acid concentrations ranging from Schemical properties and could be applied for the malate biosen-
to 150pM (I(nA)=1740x C(mM)+9.1;n=9, R*=0.9862),  sor development. The electrochemical mediator concentration,
whereas, the polynomial dynamic was ranging from 5 toyorking pH values and applied potential were optimised. The
420pM (I(nA)=—2737x C?(MM?) +1997x C(MM)+7.7;  DpIp-based biosensors possess the advantages of high stability,
n=14,R*=0.9946). Lineweaver-Burk representation allowedgood reproducibility and wide dynamic range. Their main draw-
to calculate the apparent Michaelis constafif” = 0.3mM  pack consists in the important influence of the sample matrix on
(111 (nA) =0.0004x (1/C (mM)) +0.0014;n =15, R*=0.9931)  the analytical response and, furthermore, the fact that the DPIP
(Fig. 3). The sensitivity of the biosensors, calculated from the lin-h a5 the tendency to be adsorbed on the surface of the WE. On the
ear part of the calibration curve, was 0.85 and 1.7 mA/M usingother hand, the PMS-based biosensors showed less influences
respectively DPIP and PMS as mediator. due to interfering compounds, but they showed a lower dynamic

The response time of the biosensors based on DPIP @gnge and suffered from the poor stability of PMS.

PMS was 5min, longer than when using BQ or potassium  Fyrther work will be focused in research or synthesis of new
hexacyanoferrate-based sensors, which showed response tig)gctrochemical mediators, able to shuttle the electrons from the
of 2-3min. This is probably due to differences in the diffusionenzyme to the WE. The ideal mediator should be stable, inter-
of the different mediators through the PVA-SbQ matrix. Usingact at a minimum extend with the redox components of wine,

DPIP as mediator, longer times were needed for baseline stabind should be incorporated in the WE to construct reagentless
lization, due to the tendency of DPIP to get adsorbed on the Wisjgsensors.

surface. To our knowledge, this is the first attempt to construct a
_ malic acid biosensor based on MQO. This paper demonstrates
3.4. Real sample analysis the possibility to produce this type of biosensor, however, a

successful analytical device requires further improvements con-

Red and white wines were analysed using both PMS angerning the performance of the electrochemical mediator. The
DPIP-based biosensor$aple 3. The samples were analysed MQO presents the potential to produce alternative biosensors
directly or after enrichment with 10 mM malic acid. The anal- for malic acid, but adequate transducers and electrochemical

ysis was performed by injecting p of sample solution in mediators have still to be found.
the cell (1:100 dilution with buffer). Differential measurements

were carried out to remove the effect of interfering compoundsAcknOwledgements
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