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Laboratoire Interfaces-Traitements-Organisation et DYnamique des Systèmes (ITODYS), de l’Université Paris 7-Denis Diderot, associé au CNRS,
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Abstract

A reagentless lactate biosensor is described, based on an electropolymerized copolymer film poly(5-hydroxy-1,4-naphthoquinone-co-5-

hydroxy-3-acetic acid-1,4-naphthoquinone). The quinone group, as part of the polymer backbone, is electroactive and very stable in neutral

aqueous medium. It can therefore act as an immobilized mediator for the enzyme recycling, at a working potential much lower than those

commonly reported in the literature for other mediators. Experimental conditions for amperometric measurements (temperature, pH) are studied,

especially the interference between quinone and molecular oxygen to investigate the enzyme/quinone recycling kinetic. Some well-known

interferents are shown to have no measurable effect on the amperometric curves.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Enzyme-based amperometric biosensors are very common

systems nowadays. Enzyme immobilization can be achieved

through various techniques, as incorporation in carbon paste

[1], in redox hydrogel [2,3], immobilized on self-assembled

monolayers [4], in non-conducting [5–7] or in conducting or

electroactive polymers [8–12]. In the latter cases, to

construct reagentless biosensors, polymers must bear a

chemically reactive group to irreversibly bind the biomole-

cule, and, except for direct electron transfer (ET), an

electroactive group that plays the role of immobilized redox

mediator between the active site of the enzyme and the

electrode. It must be noticed that true direct ET, undoubtedly

demonstrated for enzymes like cytochrome c [13] or dehy-

drogenases [14], has never been evidenced for oxidase

enzymes [15,16].

Obviously, the mediators must be chosen in order to

thermodynamically allow ET towards/from the active site of
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the enzyme, with a sufficiently fast kinetic [16,17] and an

overpotential (with respect to the formal potential of the

enzymatic active site) as low as possible, to avoid

interferences.

The quinone/hydroquinone couple is one of the first redox

couple utilized among all mediators reported in the literature

[18]. This is probably due to the fact that the quinone/

hydroquinone couple is widely present in vivo in biological

systems. However, drawbacks such as low stability in

alkaline or even neutral media, or low ET kinetic are often

recalled, compared to inorganic redox systems. On the

contrary, a great advantage of quinone systems lays in their

very low redox potentials. In Table 1 [19–22] are listed the

most common mediators utilized with oxidase enzymes like

glucose oxidase and lactate oxidase. It is very clear that the

quinone function is able to shuttle electrons from the active site

of an enzyme to the electrode [23,24], with lowest working

potential [22].

We reported in a previous note the preliminary results on a

lactate oxidase-modified electrode, based on a bifunctional

copolymer poly(5-hydroxy-1,4-naphthoquinone-co-5-hydroxy-

3-thioacetic acid-1,4-naphthoquinone) [25]. Herein, we study

the characteristics of the bioelectrode and define the best

operating conditions. It is shown that the sensor is insensitive
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Table 1

Classical mediators for glucose oxidase or lactate oxidase (from Ref. [19])

Enzyme Mediator Working potential

(mV vs. SCE)

Glucose oxidase Os-PAA 360 [18]

TTF 300

Ferrocene carboxylic acid 285

Os-dimethyl-bpy 200 [16]

Ferrocene 165

TCNQ 127

Benzoquinone 39

Oxygen 600

Lactate oxidase Os-PAA 400 [18]

Ferrocene carboxylic acid 280

Os-dimethyl-bpy 200 [16]

Fe(CN)6
3� 180

Benzoquinone 60

Os-dimethoxy-bpy 55 [17]

Methylene green 30

Methylene blue 30

Oxygen 600
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Fig. 1. First and last cyclic voltammograms corresponding to the electrooxida-

tion of a mixture of 5�10�2 M JUG+5�10�3 M JUGA+1�10�3 M 1-

naphthol+0.1 M LiClO4 in acetonitrile, on a GC electrode, under dried argon

atmosphere. Scan rate: 50 mV s�1.
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to most common interferents and can be applied to commercial

food-industry samples with good reliability.

2. Experimental

2.1. Materials

5-hydroxy-1,4-naphthoquinone (juglone) was purchased

from Fluka. Lactate oxidase (LOD, from Pediococcus species)

was from Sigma Chem. Co. L(+)-lactic acid (sodium salt) was

obtained from Acros. ABTS\ is from ICN. Aqueous solutions

were made with bi-distilled water. 5-hydroxy-3-thioacetic-1,4-

naphthoquinone (JUGA) was synthesized in our laboratory, as

described elsewhere. Acetaminophen, glycine and ascorbic

acid were obtained from Sigma. All other reagents used were

of analytical grade.

2.2. Methods

2.2.1. Electrode preparation

Glassy carbon (area 0.07 cm2) electrodes were polished prior

to use on a polishing cloth (Struers, Denmark) with diamond

pastes of decreasing size down to 1 Am. After electropolymer-

isation, the film coated-electrode was rinsed, then immersed for

activation in a freshly prepared aqueous solution containing

0.03 M NHS and 0.015 M EDC during 2 h. After rinsing with

distilled water, a 10 AL drop of freshly prepared enzyme

solution of 5% w/w LOD in water was immediately delivered to

the surface of the electrode. The enzyme was allowed to link

overnight at 4 -C. The resulting electrode, called poly(JUG-co-

JUGA)/LOD in the following, was then thoroughly washed

with distilled water and stored at 4 -C before use.

2.2.2. Apparatus and procedure

A conventional 10 mL three-electrode cell was used, with a

platinum auxiliary electrode and an Ag|AgCl wire reference

electrode. A glassy carbon working electrode was used (S =0.07
cm2). The supporting electrolyte was 0.05 M phosphate buffer

(pH 6) containing 0.05 M KCl. For amperometry tests, the

thermostated cell (25 -C) was magnetically stirred 5s after each

injection of lactate. Cell and lactate stock were bubbled with

argon for at least 30 min and were blanketed with the inert gas

for the duration of the experiment. When oxygen was used, the

cell was kept under controlled oxygen partial pressure by

controlling the ratio of argon and oxygen flows.

The spectrophotometric assay used to determine the

enzymatic activity under the natural cosubstrate O2 is based

on the H2O2 production. This technique is routinely utilized

since its first description [26].

2.3. Copolymer synthesis

The electrochemical synthesis of poly(JUG-co-JUGA) film

was carried out by electrooxidation of a mixture of 5�10�2 M

JUG+5�10�3 M JUGA+1�10�3 M 1-naphthol (as initiator

of electropolymerisation) +0.1 M LiClO4 in acetonitrile, on

GC electrodes, under dried argon atmosphere, by 25 potential

scans at 50 mV s�1 between 0.4 and 1.05 V vs SCE, to obtain a

100 nm thick film (Fig. 1).

In the first stage, the current increases slowly with no

significant modification of the overall signal characteristics.

After this initial step (corresponding to 10–15 cycles), a notice-

able variation of the voltammogram is observed with an anodic

shift of the peak potential and an increase of the peak current.

The characterization of the polymer structure was based on

data obtained previously in the study of the mechanism of 1-

naphthol electropolymerization [27]. This has been thoroughly

studied by the in situ Multiple Internal Reflection FTIR

Spectroscopy (MIRFTIRS) technique [27]. Likemany conjugat-

ed polymers, the chain growth occurs by successive steps

includingmonomer oxidation to radical cations, dimer formation

and chemical rearrangement. The dimerisation may be achieved

by radical–radical or radical-substrate coupling. It was demon-

strated [27] that the electropolymerisation of 1-naphthol occurrs

via successive radical–radical coupling and leads to an electro-



Table 2

Main IR bands and their assignments for JUG, JUGA and poly(JUG-co-JUGA)

Band assignments JUG/

cm�1
JUGA/

cm�1
Poly(JUG-co-JUGA)/

cm�1

m O–H (as) 3431 3434 3521

m O–H (s) 2924 – –

m C–H as (-S–CH2-) – 2975 3041

m C–H s (-S–CH2-) – 2932 2935

m C=O (COOH) – 1716 1735

m C=O (quinone) 1632 1641 1632

m C=C (arom) 1665 1666 1668

(Naphthalene) 1591 1562 1597

m C=C (arom) (furane) – – 1574

m C–O–C (as) (furanne) – – 1290

m C–O–C (s) (furanne) – – 1080

m C–C (naphthalene) 1105 1105 1124

d C–H out-of plane

3H 752 759 –

2H 832 831 831

856 856 864

1H – 958 927

ClO4
� – – 1081
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Fig. 2. Cyclic voltammogram of a poly(JUG-co-JUGA) film coated GC

electrode, in the electroactivity domain of the quinone group. Scan rate 50 mV

s�1. Medium: 5�10�2 M K2HPO4/KH2PO4 buffer (pH 6)+10�2 M KC

(under argon atmosphere). Surface: 0.07 cm2. Film thickness: 100 nm. The

electrode was previously equilibrated in the same medium by potentia

scanning between �1 and 0 V vs. SCE at 50 mV s�1 during 30 min.
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active conducting polymer, poly(1-naphthol), constituted of

alternated naphthalene and furan rings due to coupling occuring

on the first nucleus followingoxidationof the�OHgroup [27]. In

that work (Ref. [27]), the concentration of the monomer used (1-

naphthol) is 0.1 M and the potential applied is high.

In this work, 1-naphthol is added in low concentration (10�3

M) in order to initiate the polymerization. Indeed, we have

checked this by performing the electrooxidation of 1-naphthol

(10�3 M) alone in 0.1 M LiClO4+acetonitrile. The resulting

modified electrode presents no electrochemical activity in both

acetonitrile and aqueous medium.

For the monomer used 5-hydroxy-1,4-naphthoquinone

(JUG), we began by theoretical calculations based on frontier

orbitals [28]. The data obtained showed that the radical–radical

coupling proceeds similarly to the case of 1-naphthol., and

does not affect the second nucleus bearing the quinone. The

poly(JUG) structure was characterized by XPS and in situ

FTIR spectroscopy.

After that, we extended the electrosynthesis to the case of

the mixture juglone+JUGA (Fig. 1). Again, a thorough cha-

racterization of the copolymer structure was performed with in

situ FTIR (during film growth) and ex situ FTIR after film

formation. The main bands observed for the poly(JUG-co-

JUGA) are summarized in Table 2 and the following structure

is proposed for the copolymer.
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Another evidence for this structure is afforded by the

electroactivity of the quinone groups (Section 3.1).

The film shows a homogeneous and compact structure

covered with scattered cauliflower features of regular size and

distribution as usually observed for electrodeposited polymer

[29]. An increase in the number of cycles results in a thicker

film. We obtained a thickness of 100 nm after 25 cycles, and

the following results will be related to this film thickness.

3. Results and discussion

Before investigations on the enzymatic activity of the

bioelectrode, its fundamental electrochemical characteristics

were studied. This would help to establish an overall kinetic

mechanism.

3.1. Electroactivity

Quinone groups grafted on a polymer backbone, conductive

or not, are known to have a poor electrochemical stability

especially for the second redox couple involving the anion

radical (QH.�) and the dianion (Q2�). The electroactivity of the

copolymer film poly(JUG-co-JUGA) was investigated in a

5�10�2 M phosphate buffer+10�2 M KCl (pH 6) (Fig. 2).

The copolymer film shows a well-defined redox couple when

cycled in the [�1 ; 0] V/SCE potential range. Both signals

observed at �0.42 V/�0.55 V for the major redox couple, and

that at �0.80/�0.87 V for shoulders are very stable upon

cycling (several hundreds of cycles do not lead to any current

decrease), which shows a remarkable electrochemical stability

of the species involved in the charge transfer mechanism. This

result could be explained by the original chemical structure of

the polymer, especially for the quinone ring, which is fused

with the polymer backbone and not only as pending group.

Under these conditions, voltammetry measurement at low

scan rates allows to determine the total amount of electroactive

quinones. Assuming that two electrons are exchanged per
l

l
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Fig. 3. a: Upper curve : amperometric response for a GC/poly(JUG-co-JUGA)/

LOD electrode versus time. E =�0.1 V vs. SCE. Medium: 5�10�2 M

K2HPO4/KH2PO4 buffer (pH 6)+10�2 M KCl (under argon atmosphere).

Surface: 0.07 cm�2. Film thickness: 100 nm. Temperature: 25 -C. Lactate is

added to raise the concentration by steps of 0.5 mM (6 firsts injections), then 1

mM. I0 is the background current before the first injection. Lower curve :

amperometric response for a GC/poly(JUG-co-JUGA) electrode (without

enzyme), in the same conditions as above. b: Calibration plots for the GC/

poly(JUG-co-JUGA)/LOD electrode versus lactate concentration. Same condi-

tions as Fig. 3a. Lactate is added to raise the concentration by steps of 0.5 mM

(6 firsts injections), then 1 mM (5 following injections), 2 mM and 5 mM. The

solid line corresponds to a numerical fit from expression XII.
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quinone group, an apparent surface concentration of 8.10�10

mol cm�2 was obtained.

3.2. Enzymatic activity of the electrode

The surface concentration of active enzyme immobilized

onto the electrode surface has been determined by a spectro-

photometric method described earlier [26]. Herein, this surface

concentration is CE=1.8�10�12 mol cm�2.

3.2.1. Amperometry

As evoked in the introduction section, LOD can be

efficiently recycled by quinone (Table 1), at a lower working

potential than for other common mediators. It is shown in the

following that LOD can be recycled at a very low potential

(�0.1 V vs. SCE), never reported in the literature. The

enzymatic activity (and therefore the enzyme recycling) was

evidenced by amperometric experiments upon lactate addition,

on a poly(JUG-co-JUGA)/LOD electrode (see Experimental

section).

Before each experiment, solutions (electrochemical cell and

lactate stock) are deeply deaerated by argon bubbling. For the

amperometric assay, the electrode is held at a constant working

potential. After stabilization of the background current,

successive aliquots of the stock lactate solution were injected

and the solution magnetically stirred during ca. 5 s. The current

increases immediately and reaches a plateau within ca. 100–

200 s. On Fig. 3a is shown an example of amperometric test at

�0.1 V vs. SCE., with enzyme (upper curve), and without

enzyme (blank, lower case). A blanck experiment was also

made with injection of hydrogen peroxide. No current was

detected.

The calibration plot (Fig. 3b) shows a Michaelis-shaped

curve, with two well-defined regimes: the linear part defined by

an initial rate of ca. 70 AA M�1 cm�2, an apparent Km
app of ca.

1.5 mM, and the saturation part with a maximum rate of ca.

0.17 AA cm�2. The linear range starts at about 50 AM (which is

the detection limit) and ends at 1500 AM. In the literature,

sensitivities are sometimes higher, but acquired at the price of

higher potentials.

Stirring has no influence on the current, in this concentration

range (0–20 mM). Experiments were performed on a rotating

disk electrode, at various rotation speeds between 100 – 3600

Hz. No measurable increase or decrease of the current was

observed. This means that the overall process is not limited by

diffusion of reactants towards the electrode.

3.2.2. Working potential

For a constant lactate concentration of 20 mM (i.e., under

the saturation regime), the working potential was varied

between �0.1 V and +0.3 V vs. SCE. The experiments were

performed on the same electrode to avoid deviation from one

electrode to another. For each point, the background current

was subtracted (Fig. 4). It is clear that the current increases

sharply around �0.1 V, to stabilize after +0.2 V. Considering

this curve, it could be surprising, in a first approach, to choose

�0.1 V as the best working potential for the system. However,
as will be discussed in Section 3.4., this value is the best

compromise, sufficiently low to avoid side reactions with

interferents.

3.2.3. pH

The pH effect is, in this system, very interesting and

unusual. Indeed, LOD is known to present in homogeneous

conditions a maximum of activity around pH 6. The interesting

point is that the apparent enzyme activity measured by the

current flow through the electrode here varies differently.

Indeed, the current increases continuously with pH, from pH 5

to pH 10 (Fig. 5).

After immobilization on a substrate, the enzymatic activity

is likely to vary significantly for two main reasons: deactiva-
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Fig. 4. Current intensities for a GC/poly(JUG-co-JUGA)/LOD electrode under

the same conditions as in Fig. 3, at saturation of substrate (20 mM lactate), as a

function of the working potential. The background current I0 was measured for

each potential, before addition of lactate. The plain line is only a visual guide.
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tion coming from denaturation, or due to local pH effect. This

latter point was investigated by a spectrophotometric method

(see Experimental section). pH was varied between 5 and 8.

The apparent activity (measured by the H2O2 producing rate)

was reported vs. pH (not shown). As expected, a bell-shaped

curve was obtained, with a maximum at pH 7, i.e., slightly

shifted in comparison to homogeneous conditions. This could

be explained as follows: under aerobic conditions, protons

coming from the substrate are accepted by O2 (to form H2O2),

so the pH does not vary.

On the contrary, when quinones (Q) are used, protons

intervene in the redox process so that the local pH can be varied.

3.2.4. Temperature effect

The effect of temperature changes was also monitored. As

for pH, temperature effects can be decomposed into two
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Fig. 5. Current intensities for a GC/poly(JUG-co-JUGA)/LOD electrode under

the same conditions as in Fig. 3, at saturation of substrate (20 mM lactate), as a

function of the pH (measured in the bulk). The background current I0 was

measured for each potential, before addition of lactate. The plain line is only a

visual guide.
processes. On one hand, a temperature increase leads to an

increase of the reaction rate following the Arrhenius law. On

the other hand, enzyme denaturation occurs, for temperatures

above ca. 40 -C. This is well illustrated by the results reported

in Fig. 6. At saturation of substrate (20 mM), applying the

Arrhenius law between 20 and 40 -C gives an activation energy

of Ea=68.3 kJ mol�1. This value corresponds to data in the

literature [30] for this enzyme. To avoid any risk of

denaturation, most of the experiments reported in this paper

were performed at 25 -C.

3.2.5. Stability of the amperometric response

Amperometric measurements were performed on the same

electrode for several experiments during 9 weeks. Between

the assays the bioelectrode was kept in PBS solution at 4

-C. After a burst during the 3 first uses of the electrode

(where some enzymes are probably lost in solution) cor-

responding to a signal decrease of ca. 50%, the sensitivity

stabilizes around 70 AA M�1 cm�2, with a mean deviation of

T10 AA M�1 cm�2. No sign of deactivation appears within 9

weeks.

3.3. Elements of kinetic

The kinetic pathway for this bioelectrode is complex.

Indeed, two main steps are involved: the enzyme kinetic, and

the polymer kinetic. It could be quite difficult to separate and

identify each step. The point that is particularly interesting here

is the enzyme/quinone recycling kinetic. To investigate this

step, the idea herein is to study the interference between

reoxidation by quinone and by molecular oxygen.

Dioxygen is the natural cosubstrate of LOD and can

interfere with the quinone-mediated reaction pathway (Scheme

1). Actually, this interference is due to a competition between

the artificial mediator (quinone) and the natural cosubstrate
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Fig. 6. Current intensities for a GC/poly(JUG-co-JUGA)/LOD electrode unde

the same conditions as in Fig. 3, at saturation of substrate (20 mM lactate), as a

function of temperature. A preliminary experiment has shown that the

background current I0 (current without lactate) does not vary with temperature

The plain line is only a visual guide.
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LODox
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poly(JUG-co-JUGA) 

Scheme 1. Schematic representation of the reaction pathway, when quinone (Q)

immobilized in poly(JUG-co-JUGA) film is used as an artificial mediator.
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(dioxygen) to regenerate the oxidized form of the active center

FAD, as illustrated on Scheme 2.

Kowning the recycling kinetic with oxygen, it is thus

possible to estimate the recycling kinetic with quinone. To

simplify the model, polarisation effects through the film is not

considered. In addition, the active fraction of the mediator

through the film is not homogeneous either. But this method

should allow to obtain averaged values that are significant.

3.3.1. Without oxygen

With the artificial mediator quoted Mox (oxidized state) or

Mred (reduced state), the kinetic pathway is described as follows:

FADþ S Ð
k1

k�1
FADS ð1Þ

FADSY
k2
FADH2 þ P ð2Þ

FADH2 þMox Y
k3
FADþMred ð3Þ

The global reaction rate is calculated considering the quasi-

stationary hypothesis, for the intermediate products. Details are

skipped, to give directly the expression of the current collected

to the electrode. With the quinone group as the mediator, CQ
FAD + Lactate

FAD-Lactate  FAD

FADH2

JUG-co-JUGA   JUG-co-JUGA  
             (Qox)                  (Qred)      

2 e- 

k1

k-1

k2

k3

Scheme 2. Enzymatic reaction pathway illustrating the competitive recycling
the quinone surface concentration and A the electrode surface,

we obtain:

1

i
¼ 1

2FACE

1

k2
þ 1

k3CQ

þ 1

k1 S½ �
þ k�1

k1k2 S½ �

��
ðIÞ

3.3.2. With oxygen

In an aerated medium, the enzyme recycling by quinone

competes with the oxygen pathway. It should be mentioned that

quinone is known to catalyze the 2e�O2 reduction. This reaction

was envisaged, but is discarded herein. Indeed, cyclic voltam-

metry was performed on the modified electrode in aerobic

conditions, and it appears that the catalytic reduction current is

negligible. The new pathway with oxygen is shown below:

FADþ S Ð
k1

k�1
FADS ð1Þ

FADSY
k2
FADH2 þ P ð2Þ

FADH2 þ QY
k3
FADþ QH� ð3Þ

FADH2 þ O2 Y
kV3
FAD þ H2O2 ð3VÞ

Experimentally, to estimate the effect of dissolved oxygen,

amperometric experiments were performed under the same

conditions as in Section 3.2.1. (GC electrode, working

potential of �0.1 V vs. Ag|AgCl), but in a medium for which

partial O2 pressure was varied from 0 up to 100%, at saturation

of substrate (20 mM). Oxygen concentration in water follows

Henry’s law. At 25 -C, KO2=3.30�107 torr�1. Therefore, P02
corresponds to a concentration range of 0 to 1.28�10�3 mol

L�1 (2.6�10�4 mol L�1 at 20% O2), that is reported on Fig. 7.

O2 has, in a first approach, a negligible effect for partial

pressures lower than 20% (less than 5% decrease), and half of

the initial current is still observed under 60% O2.
  FAD-Lactate 

H2 + Pyruvate

   FAD

        O2  H2O2
          

k’3

of FAD group by quinone on one hand and dioxygen on the other hand.
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the same conditions as in Fig. 3, at saturation of substrate (20 mM lactate), as a

function of the relative O2 partial pressure in the electrochemical cell (after a 30
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Surface: 0.07 cm�2. Film thickness: 100 nm. Temperature: 25 -C. The dashed
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For a better understanding of the process, two experiments

were performed on a same electrode. First, via the spectropho-

tometric method described earlier, the enzymatic activity of the

electrode was measured when the natural cosubstrate O2 is

used. In this case, quinones do not participate to the recycling

of lactate oxidase. Fig. 8 reports the quantity of H2O2 produced

versus time, at saturation of substrate (20 mM). The reaction

rate, calculated from the slope of the interpolated line, gives:

vO2
¼ dnH2O2

dt
¼ dnFADH2

dt
¼ 4:29� 10�12mol s�1cm�2;

for an O2 partial pressure of 20%:

In a second experiment, the bioelectrode was polarized at

�0.1 V in deaerated medium to measure the activity was

measured of quinone as mediator. For the same lactate

concentration as above (20 mM), the measured current is

IQ=12 nA. Therefore, the reaction rate is:

vQ ¼
1

nFA
iQ ¼

dnFADH2

dt
¼ 8:89� 10�13mol s�1cm�2;

with n ¼ 2:

These results are interesting to compare. Indeed, it is shown

on one hand that O2 does not compete much with Q (Fig. 7),

and on the other hand, that vO2
>vQ (for the same O2 partial

pressure in both cases). It seems to be a contradiction. This can

be explained considering that the electrical ‘‘wirering’’ of LOD

is not homogeneous in the whole film. A fraction of LOD is

probably more efficiently recycled by quinone than by O2 (i.e.,

insensitive to O2) while the other fraction is regenerated more

easily with O2. This behavior, depending for example on the

enzyme orientation onto the electrode surface, is described in

the literature [16].

In the case where the substrate S is added in large excess

([S]YV,HKm), and with the hypothesis that the enzyme

recycling is the limiting step, i.e., k2Hk3CQ and k2HkV3[O2]*

(* for [O2] at the surface of the electrode), we can write from
(XI) the regeneration rates of the enzyme by quinone (vQ) or

oxygen (v02):

vQ ¼ k3CQCVE and vO2
¼ kV3 O2½ �4CE

with CVE the surface concentration of LOD that is electrically

connected with quinone. If x is the fraction of enzymes that is

connected, CVE=�CE.

If there is competition between Q and O2 for enzyme

reoxidation, the new regeneration rate vVQ of the enzyme by

quinone is approximately:

v VQ ¼ k3CQCVE � kV3 O2½ �4CVE

Thus; vVQ ¼ vQ � xkV3CE O2½ �4 ðIIÞ

(II) is the equation of a straight line, with vQ as the origin for

0% O2, and �x kV3CE as the negative slope. This fits very

correctly the results of Fig. 7, except for low O2 pressure. This

deviation could be due to residual O2, i.e., 0% does not

correspond to a thoroughly deaerated medium. Extrapolation of

the straight line to 0% O2 gives the ‘‘true’’ vQ. We found (see

Fig. 7) 115% at 0% O2. We know also absolute values for vQ
and vO2, measured above for 20% O2, 8.89�10�13 mol s�1

cm�2 and 4.29�10�12 mol s�1 cm�2, respectively. Therefore,

with (II):

v VQ ¼ 1:15� 8:89� 10�13 � x� 4:29� 10�12 and

v VQ ¼ 0:95vQ for 20%O2

Thus; v VQ ¼ 1:02� 10�12 �x� 4:29� 10�12

¼ 0:95� 8:89� 10�13

We deduce that x =0.04. This means that C’E=0.04 CE, i.e.,

that 4% of the immobilized active enzymes are electrically

connected to quinone groups.
.
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Fig. 9. (a) Ascorbic acid (2.10�4 M) oxidation current as a function of potential,

on a GC/poly(JUG-co-JUGA) electrode. Medium: 5�10�2 M K2HPO4/

KH2PO4 buffer (pH 6)+10�2 M KCl (under argon atmosphere). Surface:

0.07 cm�2. Film thickness: 100 nm. Temperature : 25 -C. (b) Amperometric

response of the same electrode at �0.1 V/SCE, for successive injections of

5.10�4 M lactate (inject.1 to 5), combined with addition of interferents (inject. 2

to 4, acetaminophen, glycine and ascorbic acid, respectively). Same conditions

as (a).
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in Fig. 3. The third point (open circle) corresponds to addition of 50 mg of

yogurt in the electrochemical cell. The yogurt sample was directly added in the

cell without any filtration.
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The slope of the straight line of Fig. 7 (7.97�10�10 L s�1

cm�2) can also give the kinetic constant kV3. Indeed, this slope
equals to �x kV3CE, with x and CE which are known.

xkV3CE ¼ 7:97� 10�10L s�1cm�2`kV3

¼ 9:96� 103Lmol�1:s�1

We can also characterize the recycling kinetic via the

quinone group, with k3CQ.

vQ ¼ 1:15� 8:89� 10�13 and

vQ ¼ k3CQCVE`k3CQ ¼ 1:02� 10�12=xCE`k3CQ

¼ 1:02� 10�12= 4:10�2 � 2:10�12
� �

¼ 12:75s�1

It appears that this value, when replaced in expression (I),

allows to fit nicely the experimental points (Fig. 3b, plain line),
with these parameters : CE=1.8�10�12 mol cm�2 (as found

by the spectrophotometric method); A=0.07 cm2 ; F =96490 C

mol�1; k2=266 s�1 [31] ; k1=5.09�10�4 L mol�1 s�1 [31] ;

k�1=10
3 s�1 [31]; k3CQ=12.75 s�1 (as found above).

3.4. Complex samples

It was shown in Section 3.2.2 that the working potential of

the poly(JUG-co-JUGA)/LOD system can be very low.

Therefore, most of the well-known side-oxidations can be

avoided, as demonstrated below.

First, we have performed oxidation of ascorbic acid (one of

the most common interferents) on the modified electrode at

various potentials. Ascorbic acid begins to be oxidized at 0 V

vs. SCE and obviously at higher potentials (Fig. 9a). This

justifies our choice of �0.1 V vs. SCE as the working

potential. The other interferents are oxidized at higher

potentials.

On Fig. 9b is presented an amperometric curve obtained at

�0.1 V for successive additions of lactate combined with

addition of some interferents as acetaminophen, glycine and

ascorbic acid. As it is shown, none of these chemicals interfere

noticeably with the current due to enzyme recycling.

As an illustration of the reliability of this electrode, an

amperometric test was performed on a commercial sample:

yogurt. Yogurts contain lactic acid, coming from the fermen-

tation process, and its concentration is carefully monitored for

commercialization. The experiment was conducted as follows

(Fig. 10): two plots (a, b) were first obtained by successive

additions of lactate (0.2 mM each). Then 50 mg of yogurt were

added, without any pretreatment, directly in the electrochem-

ical cell, and the solution stirred vigorously. The current

increased up to 4.9 nA. After stabilization, plot d (6.6 nA) was

obtained by addition of lactate (0.2 mM). The 3 points (a, b, d)

make a straight line. The lactate concentration can then be
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deduced : a current of 4.9 nA gives 0.85 mM (point C). This

shows that the commercial sample presents a lactate concen-

tration of 0.85�0.4=0.45 mM in the 10-mL cell, i.e., around

0.1 mmol per g. of yogurt, which is the value claimed by the

manufacturer. Therefore, this result illustrates that the poly(-

JUG-co-JUGA)/LOD electrode seems to be reliable for this

kind of test with a complex sample containing other

constituents than lactate. Obviously, this result deserves to be

extended to other complex samples, but this is not the objective

of this work.

4. Conclusion

In this paper, we present the development of a reagentless

amperometric lactate biosensor based on a novel functionalized

conducting polymer. The electroactivity of the quinone

embedded in the polymer structure is remarkably stable in

neutral aqueous medium. The enzyme kinetic, and more

precisely the recycling step, was investigated, showing that

quinone group can act as a very efficient electron acceptor for

lactate oxidase (LOD) recycling at very low working potential.

This interesting performance allows to avoid interfering

currents. This biosensor can be used in very practical

conditions, e.g., on a commercial sample. Work is in progress

to exploit our system with other oxidase enzymes.
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