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a b s t r a c t

We developed a method to graft a tripeptide (glutathione) onto 5-hydroxy-1,4-naphthoquinone, an elec-
tropolymerizable molecule. The resulting thin conducting polymer presents a well-defined and stable
electroactivity in neutral buffered solution, due to the embedded quinone group, and is able to cova-
lently graft amino-modified DNA probe strands. It is shown that the bioelectrode presents positive
vailable online 2 October 2009
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current change following DNA hybridization. This makes a “signal-on” direct electrochemical DNA sen-
sor. The results were obtained with low target concentration (50 nM) and the selectivity is excellent as a
single-mismatch sequence can be discriminated from the full-complementary target.

© 2009 Elsevier B.V. All rights reserved.
ligopeptide grafting

. Introduction

Biosensors are of great interest nowadays. These devices need
mmobilization of biomolecules (bioprobes) on the sensor surface.
o achieve this, several procedures are currently described [1]. One
an use adsorption on the surface [2], inclusion into an organic [3] or
n inorganic [4] matrix, covalent binding [3,5], complexation (using
iotin–avidin association for example) [6]. Adsorption is simple to
chieve, but generally poorly reproducible, and unstable. Inclusion
nto polymer or inorganic matrixes usually makes bioprobes, in par-
icular DNA, inaccessible for subsequent reactions. Complexation
sing antibody–antigen association is efficient and widely used, as
his avoids any risk of bioprobe denaturation due to immobiliza-
ion. However, in this configuration, the antibody–antigen system
which is heavy) is inserted between the biosensor surface and the
ioprobe, then hinders some interactions between the surface and

he probe. Therefore, the direct covalent binding of the biomolecule
nto the biosensor surface seems more pertinent and presents the
dvantage to be irreversible, i.e. more stable during the biosensor
ifetime, and ‘keeps in contact’ the biomolecule and the surface. Its

∗ Corresponding author. Tel.: +33 1 44276961; fax: +33 1 44276814.
E-mail address: mcpham@univ-paris-diderot.fr (M.C. Pham).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.09.025
eventual drawback is that it may denaturate the immobilized bio-
probe due to a lack of control of the linking regions and the linker
reactivity. That is why the choice of the linker (the molecule or the
reactive group which belongs to the sensor surface and binds the
bioprobe) is of great importance.

Glutathione (�-l-glutamyl-l-cysteinyl-glycine) is a tripeptide,
bearing one primary amine, two amide groups, two carboxylic
groups and one thiol group (see Scheme 1). It contains an unusual
peptide link between the amine group of cysteine and the carboxyl
group of the glutamyl side chain. The thiol group carried by this
molecule is one of the most stable thiol group in a biomolecule. For
this reason, glutathione is well-known to have antioxidant proper-
ties. Glutathione is then currently associated with drugs, in order
to protect them from oxidizing species (free radicals for example),
and, in addition, make them more soluble in water. The pKa associ-
ated to the carboxylic acid, the thiol and the primary amine groups
are, respectively, 2.1 (COOH on glutamyl), 3.5 (COOH on glycine),
9.6 (SH) and 8.7 (NH2) [7]. Therefore, at neutral pH, the molecule
carries the equivalent of one negative charge. As glutathione is an
oligopeptide bearing reactive amine, carboxylic groups and con-

sidering properties described above, this molecule of interest has
been described in the literature as a linker for biomolecules immo-
bilization on surfaces [8–10]. However, very few works reported
electrochemical biosensor using glutathione as the binding ele-
ment [9].

http://www.sciencedirect.com/science/journal/00399140
http://www.elsevier.com/locate/talanta
mailto:mcpham@univ-paris-diderot.fr
dx.doi.org/10.1016/j.talanta.2009.09.025
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cheme 1. Synthesis of 5-hydroxy-3-�-l-glutamyl-l-cysteinyl-glycine-1,4-naphto
ponding to NMR attribution.

In this work, we developed a new electrogenerated polyquinone
lm substituted by glutathione. An original and direct proce-
ure was used to chemically graft glutathione on 5-hydroxy-
,4-naphthoquinone. The resulting 3-(�-l-glutamyl-l-cysteinyl-
lycine)-5-hydroxy-1,4-naphthoquinone (HNQ–Glu) presents 3
unctional groups: the hydroxyl group for electropolymerization
molecules of the hydroxynaphthoquinone family present the
roperty to electropolymerize into a conducting polymer, via the
ydroxyl group [11,12]), the quinone group for its redox and
ensing properties, and the glutathione oligopeptide as a precur-
or for subsequent biomolecule linkage, via amine or carboxylic
roups.

The synthesis and characterizations of the HNQ–Glu monomer
re first described. After that, electrosynthesis of a conducting poly-
er is performed, by co-electropolymerization of a mixture of
NQ–Glu and unmodified HNQ, leading to poly[5-hydroxy-1,4-na-
hthoquinone-co-3-(�-l-glutamyl-l-cysteinyl-glycine)-5-hydro-
y-1,4-naphthoquinone], so-called poly(HNQ-co-HNQ–Glu) in the
ollowing. By this method, the quinone, carboxylic and amine
unctions are preserved in the polymer. The electroactivity of
oly(HNQ-co-HNQ–Glu) film is investigated in neutral aque-
us phosphate buffer (PBS), the modified electrode presents a
ell-defined, stable and reversible redox couple.

The quinone is well-known to be particularly sensitive to its
hemical environment, in terms of pH or redox state. Therefore,
he quinone group of poly(HNQ-co-HNQ–Glu) can be used as a
edox reporter for chemical or electrochemical modifications of its
icinity. These modifications can be generated by change in ion
oncentration, for example. It has been shown in a previous work
hat in PBS the quinone groups of a poly(quinone) film exchange

ainly sodium cations [13]. Therefore, the cyclic voltammograms
f a poly(HNQ-co-HNQ–Glu) film, in the quinone redox domain,
ust change if sodium cation diffusion is modified. This can be

enerated by heavy molecules or charged molecules immobilized
t the vicinity of the film surface, influencing the diffusion layer
y steric hindrance or electrostatic effect. The transduction mech-
nism has been thoroughly investigated in some of our previous
apers [14,15].

In this work, DNA probe strands (modified by an amine group at
heir 3′-end) are linked to the poly(HNQ-co-HNQ–Glu) copolymer
ia a free carboxylic group of the Glu moiety. After hybridiza-
ion, the biosensor presents an increase in the redox current of
he quinone group. As these current changes are mainly due to

he faradic component instead of the capacitive one, Square Wave
oltammetry (SWV) is employed instead of classical voltammetry

o characterize and emphasize the current variations. Addition of
probe strand which is perfectly complementary to the immobi-

ized probe strand leads to a clear signal increase, whereas addition
ne (HNQ–Glu) from HNQ and glutathione, in one step. Proton’s numbering corre-

of a non-complementary sequence (random) or even a single-
mismatch one does not generate significant change in current.

2. Materials and methods

2.1. Chemicals

N′-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochlo-
ride (EDC), N-hydroxysuccinimide (NHS) and phosphate buffer
saline (PBS, 0.137 M NaCl; 0.0027 M KCl; 0.0081 M Na2HPO4;
0.00147 M KH2PO4, pH 7.4) were provided by Sigma. Aqueous
solutions were made with ultrapure (18 M�) water. 5-Hydroxy-
1,4-naphthoquinone (HNQ) 1-naphthol (1-NAP) and l-glutathione
were purchased from Fluka. Acetonitrile (ACN, HPLC grade) was
supplied by Aldrich. All other reagents used were of analytical
grade. Oligonucleotides were provided by Eurogentec. The probe
strand (PROBE) is a 37-mer sequence bearing an amino group on its
3′-end (5′-TC-CCT CAT AGT CGC ACC CAT CTC TCT CCT TCT-AGCCT-
3′C7NH2). Targets are 30-mer sequences: COMP (3′-GGA GTA TCA
GCG TGG GTA GAG AGA GGA AGA-5′) is the complementary one.
MISMATCH (3′-GGA GTA TCA GCG TGG GTA AAG AGA GGA AGA-3′)
presents one mismatch base, and the random sequence RANDOM
(3′-TTG AAC CAG TAT CCA TGC ATT CCG CCT AAG-5′) is non-
complementary. As explained above, the transduction mechanism
of this biosensor is closely related to the conformational changes of
the ODN strands upon hybridization. For this reason, in this work,
we preferred to have a total control of the spatial conformation of
the probe-target hybrid (double strand). For this, we needed to use
probe and targets of ca. the same length. However, our probe was
chosen slightly longer (37b) than the target sequences (30b) to let
some bases as spacers at both ends of the probe.

2.2. Electrochemical methods

For electrochemical experiments, a conventional one-
compartment, three-electrode cell was employed. An EG&G
263A potentiostat was used with the Echem software (Ecochemie).
The working electrodes were glassy carbon (GC) disks (Aldrich)
of 0,07 cm2 area or gold plates (2 cm2 area) for FTIR and XPS
characterizations. The auxiliary electrode was a platinum grid and
the reference electrode a commercial Saturated Calomel Electrode
(SCE, MetrOhm, France). Electrodes were polished prior to each
use with alumina slurry (1 then 0.3 �m).
The electrochemical synthesis of this copolymer poly(HNQ-
co-HNQ–Glu) was carried out by electrooxidation of 5 × 10−2 M
HNQ + 5 × 10−2 M HNQ–Glu + 10−3 M 1-naphthol (1-NAP) + 0.1 M
LiClO4 in acetonitrile, on gold or GC electrodes, under a dried argon
atmosphere, by potential scans at 50 mV s−1 from 0.4 to 1.05 V
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ersus SCE. Without 1-NAP, no polymerization occurs, while elec-
rooxidation of a solution containing only 10−3 M 1-NAP does not
ead to any film. This indicates that 1-NAP acts as an electropoly-

erization initiator.
Hybridization was detected by recording the modification of the

edox process of the quinone group, using Square Wave Voltam-
etry (SWV). The following parameters were used: pulse height

0 mV, pulse width 50 ms, scan increment 2 mV, frequency 12.5 Hz.
he medium was PBS, bubbled with argon for 20 min before and
uring SWV measurements. The SWV scans were repeated (usu-
lly two or three times) until complete stabilization of the signal
i.e. no difference observed between two successive responses). Dif-
erential currents (�i) were calculated by subtracting the current
btained after probe grafting from the current obtained after the
onsidered experiment.

All electrochemical experiments were conducted at room tem-
erature (22 ◦C). After modifications, electrodes were kept in the
ark, away from oxygen and humidity in a dry argon atmosphere. In
hese conditions, the electrodes are stable (no significant decrease
f its electroactivity) for ca. 2 weeks. The modified electrodes were
sed only for one cycle of electropolymerization-probe grafting-
ybridization, then polished prior to re-use.

.3. X-ray photoelectron spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) data were recorded on
Thermo VG Escalab 250 (Al anode). XPS signals were fitted with
sum of Gaussian (70%)/Lorenzian (30%) functions, and calibrated
y assuming a 285 eV binding energy for aromatic and aliphatic
arbons.

.4. NMR

All NMR spectra were recorded on a Bruker Avance III 300 MHz
pectrometer. D2O was used as solvent for all NMR measurements.
he temperature was set at 298 K. Water resonance was suppressed
ith a low-power presaturation [16]. Data were processed using

OPSPIN 2.1 software (Bruker). Proton chemical shifts are refer-
nced using residual HDO as an internal standard (4.70 ppm).

.5. Grafting and hybridization conditions

As described before, poly(HNQ-co-HNQ–Glu) films present two
arboxylic functions which are free to react with a coupling agent.
s �-l-glutamyl-l-cysteinyl-glycine is a peptide, it was natural to
se a binding reaction currently used in peptide chemistry, i.e. for-
ation of an amide bond from a carboxylic group and a primary

mine (amidation). Under normal conditions, amidation is slow. To
ncrease reactivity, the carboxyl group can be transformed into an
ster group with the coupling agent N′-(3-dimethylaminopropyl)-
-ethylcarbodiimide hydrochloride (EDC). In aqueous solution, to
btain a better reactivity of the intermediate ester towards the pri-
ary amine carried on the DNA probe, another molecule must be

sed: N-hydroxysuccinimide (NHS). Indeed, water molecules act
s nucleophilic molecules and induce hydrolysis of the interme-
iate ester. NHS competes with water and therefore increases the
oupling yield.

Practically, poly(HNQ-co-HNQ–Glu) films were dipped into 1 mL
f distilled water containing 0.1 �M probe (PROBE), 1.5 × 10−2 M
DC and 3 × 10−2 M NHS at 37 ◦C. After 20 h, the ODN immobiliza-
ion reaction was stopped: the electrode was washed with distilled

ater (5 min) then with PBS (2 h at 37 ◦C) in order to remove non-

ovalently bound ODN.
At this stage, the electrodes were characterized by SWV, as

xplained in Section 2.2. Only those which present peak currents
f 3 ± 0.5 �A were selected for the following steps.
0 (2010) 1318–1325

For hybridization experiments, 1 mL of PBS solutions containing
50 nM of target (COMP, MISMATCH or RANDOM) were used. The
electrode bearing the probe strand was dipped in the target solution
then heated at a temperature above the melting temperature of
the corresponding duplex (e.g. 72 ◦C for the PROBE/COMP duplex)
during 2 h, and slowly cooled down to room temperature. After that,
the electrode was washed in PBS for 1 h at 25 ◦C in order to remove
the non-hybridized strands.

2.6. Fluorescence experiments

The apparatus used is an Aminco-Bowman Series 2 spectrofluo-
rometer. Fluorescent targets (COMP*, MISMATCH* and RANDOM*)
are modified with fluorescein (Eurogentec) on their 5′-end. These
labeled targets were used following the same hybridization pro-
tocol than for the unlabelled targets, using 2 cm2 GC plates as
electrodes instead of 0.07 cm2 GC disks. For quantification, dehy-
bridization was performed in order to make spectrofluorometric
analysis in solution and not directly onto the polymer surface.

The dehybridization protocol consists in a washing procedure
made of 4 steps. To remove unspecific association, the three first
steps consist in soaking the film in 2 mL of PBS, at 25 ◦C, under mag-
netic stirring, during 5 min (step 1), 10 more min (step 2), and 30
more min (step 3). After each step, the 2-mL solution is removed,
stored for subsequent fluorescence experiments, and replaced by
a fresh one. After these extensive washing steps, the fourth step
consists in soaking the film in 2 mL of pure water at 80 ◦C dur-
ing 10 min. Under these very stringent conditions, the hybrids
which are present on the film are denatured and the target strands
withdrawn towards the solution, which is stored for subsequent
fluorescence experiments.

To determine the ODN concentration in these solutions, calibra-
tion curves were first obtained, for each fluorescent strand (in the
range 0.25–10 nM). ODN concentrations were then converted into
surface concentrations, which were found in the 0–15 pmol cm−2

range.

3. Results and discussion

3.1. Synthesis of HNQ–glutathione (HNQ–Glu)

3.1.1. Synthesis of 5-hydroxy-3-�-l-glutamyl-l-cysteinyl-
glycine-1,4-naphthoquinone (HNQ–Glu)

The reaction of thiols on various hydroxynaphthoquinone
derivatives led, in one step, to substituted quinone rings, under
mild conditions [17]. It is one of the most elegant substitution reac-
tions on quinone rings, which are known to be quite unreactive
in usual conditions. Therefore, the grafting reaction of glutathione
onto hydroxynaphthoquinone derivatives appears highly interest-
ing and original (to our knowledge, this reaction has not been
described elsewhere).

5-Hydroxy-3-�-l-glutamyl-l-cysteinyl-glycine-1,4-
naphthoquinone (HNQ–Glu) was synthesized in one step from
1 equiv. of 5-hydroxy-1,4-naphthoquinone (HNQ) and 2 equiv.
of �-l-glutamyl-l-cysteinyl-glycine in 25 mL ethanol at 60 ◦C
(Scheme 1). The solution was stirred for 15 min at this temperature
and cooled at room temperature. The mixture was then allowed
to stand for 2–3 days at 5 ◦C in the dark. The precipitate obtained
was filtered and washed with ethanol. Evaporation of the solvent
led to a brown/orange powder. Finally, a recrystallization step

was made. The powder was dissolved in hot ethanol, filtered, then
activated charcoal was added, and the mixture was filtered again.
After one or 2 days at 4 ◦C, needles appeared at the bottom of
the flask, which were separated by filtration, washed with cold
ethanol (−18 ◦C) and kept for further analysis.
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Table 1
NMR chemical shifts and multiplicity in D2O at 298 K.

Proton ı (ppm) Multiplicity

Glu-H� 3.76 t
Glu-H�1/H�2 2.13 m
Glu-H�1/H�2 2.52–2.51 m

Cys-H� 4.53 d
Cys-H�1/H�2 2.92–2.90 m
Gly-H� 3.92 s

H2 – –

a
3
s
1
(
f
v

C
o
u
b
i
t
i
(
s
i
a
b
c
(
(
T
v

3

m
o
i
m
H
S

p
o
p
p

p
i
B
s
2
s
t
t
a
t

Fig. 1. Cyclic voltammograms recorded during electrosynthesis of a poly(HNQ-
co-HNQ–Glu) film in ACN + 0.1 M LiClO4 + 5 × 10−2 M HNQ + 5 × 10−2 M
HNQ–Glu + 2 × 10−3 M 1-naphthol on a GC electrode under argon atmosphere. Scan
rate: 50 mV s−1. Electrode surface: 0.07 cm2. (a, dashed line), fist cycle; (b, plain
line) 50th cycle. Film thickness after 50 scans: ca. 100 nm (measured by SEM).
H8 7.72 d.d
H7 7.78 t
H6 7.40 d.d

The yield is ca. 40%. The purity of HNQ–Glu was verified by TLC
nd its structure was confirmed by FTIR (in KBr pellets, �/cm−1):
028 [�(N H), weak]; 2975,2932 [asym. and sym. �(C H) of –CH2–,
trong], 1713 [�(C O), acid, strong]; 1661, 1559 [�(C Car), strong],
630 [�(C O) of quinone, strong], 930 (�C Har, 1H, weak), 759
�C Har, 3 adj. H, weak). A typical band of the �(C S) bond was
ound at 550 cm−1 (weak). The HNQ–Glu melting point is 250 ◦C
ersus 164 ◦C for HNQ.

NMR was performed in several deutered solvents, as MeOD,
D2Cl2 or D2O. It was found that the whole HNQ–Glu molecule is
nly partially soluble in organic MeOD or CD2Cl2, whereas its sol-
bility is acceptable in D2O. This is due to the opposed behaviour
etween the glutathione part and the juglone part. If the second one

s easily soluble in organic solvents, that is not the case for the glu-
athione moiety. The NMR identification was therefore performed
n D2O. l-Glutathione (Glu) and 5-hydroxy-1,4-naphthoquinone
Jug) were analyzed in D2O and used as references. Their NMR
pectra were compared to that of HNQ–Glu. Their profiles are
dentical. Proton’s chemical shifts and attributions of HNQ–Glu
re reported in Table 1 (see Scheme 1 for numbering). It can
e noted that � protons of the glutamic acid present the same
hemical shift (2.13 ppm) whereas the � ones are slightly different
2.52–5.51 ppm), as well as the � protons of the cysteine moiety
2.92–2.90 ppm). The H2 proton was expected but cannot be seen.
his can be explained by interactions with the Glu moiety at close
icinity.

.1.2. Electrosynthesis of poly(HNQ-co-HNQ–Glu)
Due to its relatively high molecular weight, the glutathione

oiety induces a strong steric hindrance on the HNQ moiety. More-
ver, the carboxylic acids (negatively charged) may change the
on-exchange properties of the polymer. This is why we chose to

ake a copolymer with an equivalent proportion (1:1) of HNQ and
NQ–Glu instead of poly(HNQ–Glu). Conditions are described in
ection 2.2.

The voltammograms obtained during electrosynthesis of
oly(HNQ-co-HNQ–Glu) films present during the first cycles an
xidation wave situated above 1 V. After a few cycles, a redox cou-
le appears around 0.85/0.90 V. Currents increase gradually with
otential scans (Fig. 1).

The FTIR spectrum of the resulting film (synthesized on a gold
late) is presented on Fig. 2. A peak at 3059 cm−1 of medium

ntensity can be attributed to free N H stretch (asymmetric vib.).
ands situated between 3000 cm−1 and 2800 cm−1 concern CH2
tretching vibrations. The presence of several peaks (asym. �CH2,
954 cm−1 and 2924 cm−1; sym. �CH2, 2860 cm−1 and 2870 cm−1)

hows that two different –CH2– groups are present in the glu-
athione moiety: –CH2– close to carboxyl groups and –CH2– close
o amine groups. The bands present in the 2000–700 cm−1 range
re typical for the HNQ moiety, with a shoulder at 1737 cm−1 due
o �(C 0) of the carboxylic acid group, two strong bands at 1670

Fig. 2. FTIR spectra of the poly(HNQ-co-HNQ–Glu) film electrodeposited on a gold
substrate, in the 650–2000 cm−1 and 2000–4000 cm−1.
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ig. 3. XPS spectra of the poly(HNQ-co-HNQ–Glu) film for C, N and S elements.

nd 1599 cm−1 are due to �(C C)ar of the aromatic structure and
f the quinone group, bands at 1260 and 1300 cm−1 are attributed
o �(C O C)as of the furan cycle and a strong band at 767 cm−1 is
ypical for naphthalene structure.

.2. XPS characterization of poly(HNQ-co-HNQ–Glu) films

The poly(HNQ-co-HNQ–Glu) films were analyzed by X-Ray Pho-
oelectron Spectroscopy (XPS). Fig. 3 presents spectra of C, N and
. Carbon atoms are present in the polymer structure as well as in
he Glu moiety whereas nitrogen and sulfur belong only to Glu.

The C1s spectrum displays four peaks, at 285 eV, 286.2 eV,
87.7 eV and 289.1 eV. They can be respectively attributed to C C

nd C C (present into the polymer backbone and the Glu moi-
ty), C O, C S and C N (polymer backbone and Glu), C C (of the
uinone group), and O C C or O C N (of the carboxylic and amide
roups belonging to the Glu moiety).
Scheme 2. The proposed structure for poly(HNQ-co-HNQ–Glu).

The N1s spectrum displays 2 peaks, at 400.7 eV and 402.5 eV.
These peaks can be attributed to the amide (–NH C C) and amine
groups (–NH2) respectively.

The S2p spectrum displays two peaks (as it is a 2p level) at
164.1 eV and 165.3 eV. It corresponds to the only sulfur present in
the Glu moiety, which binds Glu and HNQ via a C S bond.

The calculations from the peak surfaces, using the sensitivities
for C, N and S which are respectively 1, 1.80 and 1.67, give an exper-
imental atomic ratio N/S of 2.95. This ratio corroborates very well
with the theoretical ratio (3:1) of the Glu structure. The experi-
mental C/S ratio equals to 99. The theoretical one equals to 20:1
for the HNQ–Glu moiety, whereas no sulfur belongs to the HNQ
molecule. This indicates that the ratio between the HNQ moieties
and the HNQ–Glu moieties in the copolymer is around 4, that means
1 HNQ–Glu for 4 HNQ. Scheme 2 presents a proposed structure for
poly(HNQ-co-HNQ–Glu) film, deduced from XPS and FTIR results.

3.3. Electroactivity of poly(HNQ-co-HNQ–Glu) films

The electroactivity of the copolymer film was investigated in
phosphate buffer saline (PBS). In the cathodic potential domain of
potential (between −0.9 V and 0.25 V), a redox couple develops at
−0.51/−0.63 V (Fig. 4a).

The observed peaks are due to quinone electroactivity. By charge
integration, 5 × 10−10 mol cm−2 of quinone are estimated to be
electroactive for a 100-nm thick film (thickness determined by
SEM at grazing angle). The redox systems present excellent sta-
bility upon cycling (several hundreds of cycles without significant
current decrease, as shown in Fig. 4a). Of interest is the fact that
the potential range is low enough to avoid interference with many
electroactive species that can be present in biological media. More-
over, in applications for DNA grafting and hybridization detection,
this behaviour avoids any risk of nucleobases oxidation, as they
are oxidized at much higher potentials. At last, it is known that
the redox system of the quinone group exchanges cation and not
anion. More precisely, it has been shown by electrogravimetric
experiments [13] that quinone exchanges mainly sodium cations

in neutral PBS medium. This behaviour is a strong advantage of
poly(HNQ-co-HNQ–Glu) film over other more classical polymer
films. Indeed, DNA strands (which are negatively charged) are
not able to play the role of counterions for this polymer which
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Fig. 4. (a) Cyclic voltammograms of a poly(HNQ-co-HNQ–Glu)-modified electrode
recorded in PBS under argon atmosphere. Scan rate: 50 mV s−1. Electrode surface:
0.07 cm2. Film thickness: 100 nm. Several voltammograms were recorded between
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Fig. 5. SWV of a poly(HNQ-co-HNQ–Glu)-modified electrode. (a) Before PROBE
grafting; (b) after PROBE grafting; (c) after incubation with PROBE without EDC
nor NHS; (d) after incubation with EDC and NHS, without PROBE. Medium: PBS,

SWV was used to characterize grafting. A SWV curve was recorded
he first and the 500th without significant current decrease. (b) Square wave voltam-
ogram (SWV) of a poly(HNQ-co-HNQ–Glu)-modified electrode recorded in PBS

nder argon atmosphere. Parameters: pulse height 50 mV, pulse width 50 ms, scan
ncrement 2 mV, frequency 12.5 Hz, potential domain (−1.1 V; 0 V vs. SCE).

xchanges cations. As poly(HNQ-co-HNQ–Glu) polymer is neu-
ral or negatively charged, it repels probe DNA strands (which
till remain available for hybridization), and prevents non-specific
dsorption of target strands. This property is interesting for the film
o be used in biosensor matrix.

.4. SWV of poly(HNQ-co-HNQ–Glu) films

As shown on Fig. 4a, the voltammograms present a strong capac-
tive component. We have shown in a previous work that DNA
ybridization induces more change on the faradic current than on
he capacitive current [13]. Therefore, square wave voltammetry
SWV), which is able to suppress much of the capacitive component,
as chosen as the best analytical tool to study the influence of DNA

rafting or hybridization on the film electroactivity. SWV was per-
ormed on the poly(HNQ-co-HNQ–Glu)-modified electrode before
reatment with the ODN probe (Fig. 4b). The potential was swept
rom −1100 mV versus SCE to 0 V versus SCE (oxidation scan). Two

xidation peaks appear in this range. The main peak presents a
aximum at around −500 mV/SCE, and the second one appears as
shoulder at around −800 mV/SCE. These peaks correspond to the

edox process of the quinone group.
under argon atmosphere. Parameters: pulse height 50 mV, pulse width 50 ms, scan
increment 2 mV, frequency 12.5 Hz, potential domain −0.95/0 V versus SCE. Results
obtained from 3 sets of independent experiments. Reproducibility is materialized
by error bars.

This electroactivity involves ion exchange at the poly-
mer/solution interface. Therefore, changes made on this interface
will affect electroactivity. The presence of DNA at the interface
strongly influences the ionic flux, therefore the switching rate of
the polymer, and as a consequence the recorded current.

Two main explanations for the current change could be envis-
aged: electrostatic effect (due to the polyelectrolyte character of
ODN strands) and/or steric effect (due to the fact that ODN are rel-
atively large molecules). Due to the strong ionic force used in our
experiments, the charges localized on the double-stranded ODN
(dsODN) backbone are totally screened. The electrostatic effect can
be neglected. The steric effect is therefore predominant.

An interesting particularity of ODN is that the double-stranded
state (after hybridization) presents a conformation which is very
different from the single-stranded state (before hybridization). One
can assume that the single-stranded ODN (ssODN) behaves as a
classical polymer chain. This means that it is folded as a statistical
coil. On the contrary, the double-stranded ODN can be modeled
as a rigid cylinder [18–20]. Therefore, steric hindrances generated
by ssODN or dsODN are very different. This influences the ionic
transport dynamics.

This model has been thoroughly developed in previous papers
[14,15] and is the basic principle of the transduction mechanism
which is concerned in this work. We have shown that, under certain
conditions, dsODN generate a lower steric hindrance than ssODN.
Considering that the peak current is controlled by ions transport
through the polymer/solution interface, this allows to conclude that
ssODN grafting onto the surface generates a current drop; Con-
versely, the hybridization event (i.e. formation of dsODN) will lead
to a current increase.

3.5. Electrochemical detection

3.5.1. Probe grafting
The probe ODN (PROBE) was grafted as described in Section 2.
before PROBE grafting, and another one was recorded, in the same
conditions, after PROBE grafting. As shown on Fig. 5, the current
intensity is high for the unmodified film (before grafting, curve a,
plain line), and strongly diminishes after grafting (curve b, dashed
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Fig. 6. Differential SWV (�i) obtained after incubation of the probe-grafted
poly(HNQ-co-HNQ–Glu) with complementary TARGET (curve a); incubation with
RANDOM (curve b); incubation with MISMATCH (curve c). Medium: PBS, under
argon atmosphere. Parameters: pulse height 50 mV, pulse width 50 ms, scan incre-
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Fig. 7. ODN surface concentration deduced from fluorescence analysis. The fluores-
cence measurements were made as explained in Section 2, by 3 steps: (1) washing
in PBS at 37 ◦C during 5 min; (2) washing in PBS at 37 ◦C during 10 additional min;
(3) washing in PBS at 37 ◦C during 30 additional min; (4) washing in pure water

◦
ent 2 mV, frequency 12.5 Hz, potential domain −0.95/0 V versus SCE. Differential
urrents (�i) were obtained by subtraction of the current obtained after probe graft-
ng. Results were obtained from 3 sets of independent experiments. Reproducibility
s materialized by error bars.

ine). This can be attributed to the steric hindrance generated by
he PROBE strands immobilized on the film surface. As shown, only
0% of the initial electroactivity remains after grafting.

During probe grafting, the electrodes were dipped into three
ifferent media: water containing reactants, pure water, and then
BS. To be sure that the current change is only due to probe grafting,
lank experiments were performed. The first consisted of the same
xperiment as above, without NHS nor EDC. The second consisted
f the same experiment as above, without ODN probe. The only case
or which a significant current change occurs is for probe grafting.
robe alone in solution (curve c) does not lead to any change (this
ould indicate that there is no probe adsorption), whereas ester-
fication with NHS and EDC (without ODN probe) leads only to a
light (20%) current drop (curve d).

We do no discuss the potential shift which appears between
WV (Figs. 5 and 6), because it cannot be interpreted as it would
e for classical voltammetry. Indeed, SWV is a complex technique
hich subtracts what is called a reverse current (Ir, negative) from
forward current (If, positive).

.5.2. Hybridization and selectivity
A similar experiment was performed to characterize target

ybridization onto the grafted film. A SWV was recorded after
ROBE grafting, before addition of the COMP target; another SWV
xperiment was recorded, in the same conditions, after COMP
ybridization (target concentration: 50 nM). To make changes
ore visible, differential currents (�i) were plotted. �i corre-

ponds to the current difference between two SWV recorded for
wo different electrode states. For example, the �i which charac-
erizes COMP hybridization corresponds to the difference between
he SWV recorded after COMP hybridization and the one recorded
efore COMP addition.

As shown on Fig. 6 (curve a), a positive response (�i > 0, meaning
hat the current increases upon hybridization) is obtained consec-
tively to addition of the full-complementary strand.
To be sure that the positive response is truly due to hybridization
nd not an artefact, a similar experiment was performed under the
ame conditions, with a non-complementary (RANDOM) strand. As
reviously, SWV was recorded before and after RANDOM addition.
he resulting differential current is plotted on Fig. 6, curve b. As
at 80 C during 15 min. The left-handed bars correspond to the COMP target; The
central bars correspond to the RANDOM target; The right-handed bars correspond
to the MISMATCH target. Results obtained from 3 sets of independent experiments.
Reproducibility is materialized by error bars.

shown, current variations are weak. This result indicates that the
current change observed after addition of the COMP sequence is
truly due to hybridization.

In a last experiment, the selectivity was checked. A similar
experiment than above was performed and a MISMATCH sequence
was added (i.e. a sequence which differs from the COMP sequence
by only one base, a G being replaced by a A). As shown on Fig. 6,
curve c, the current change is weak. This means that the biosensor
is selective and discriminates one mismatching base in a 30-bases
sequence.

3.5.3. Sensitivity
The results concerning hybridization with a full-complementary

target were obtained with a target concentration of 50 nM, in 1 mL
PBS solution, at 72 ◦C for 2 h. As shown in Fig. 6, the current change
upon hybridization is ca. 3 �A in these conditions, with a S/N ratio of
around 3. This sensitivity is comparable to that obtained on another
system developed by our group [15]. We have tested with various
target concentrations, with 10 nM, the S/N ration is around 2 while
with 1000 nM target concentration, the current change recorded is
not more than 3 �A, but is reached faster, after 30 min instead of
2 h. These results illustrate the fact that the current change is lim-
ited by the surface concentration of hybrids, i.e. the probe surface
concentration and not by the target concentration, as soon as the
quantity of target is sufficient. For example, 1 mL at 1 nM contains
1 pmol of target, which corresponds approximately to the probe
quantity on our electrodes.

3.5.4. Fluorescence experiments
Besides the electrochemical experiments, we have performed

fluorescence experiments in order to demonstrate the stability of
the probe grafting as well as the selectivity of the target hybridiza-
tion.

A systematic procedure was followed, in four steps, as described

in Section 2. Three different targets were studied: COMP*, MIS-
MATCH* and RANDOM*. As shown in Fig. 7, the first wash removes
quite high quantities (around 18 pmol cm−2) for the three targets.
This corresponds to elimination of unspecifically adsorbed ODN.
Since the second wash (still under mild conditions, 37 ◦C), the
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Fig. 8. Dehybridized COMP sequence as a function of the temperature. Nineteen
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[15] S. Reisberg, B. Piro, V. Noel, M.C. Pham, Bioelectrochemistry 69 (2006) 172–179.
[16] M. Gueron, P. Plateau, M. Decorps, Prog. NMR Spectrosc. 23 (1991) 135–209.
ashes were performed, from 35 ◦C up to 95 ◦C, in PBS. Bars indicate the dehy-
ridized quantity (fluorescence intensity) corresponding to each wash at a given
emperature. The curve (in black squares) is obtained by successive integration of
ehybridized quantities.

esults begin to be sequence-specific. Indeed, there are at least
wo times more desorbed COMP* sequences (equivalent to around
pmol cm−2) than MISMATCH* or RANDOM* ones (equivalent to
round 4 pmol cm−2). We suppose that a part of hybridized COMP*
argets may dehybridize even under these mild conditions. At the
hird wash, desorption is low for all (around 2 pmol cm−2).

The results are different for the 4th step (dehybridization under
tringent conditions, 80 ◦C in pure water. At this temperature, one
an assume that all previously hybridized COMP* are denatured).
luorescence remains low for MISMATCH* and RANDOM* targets
equivalent to around 3 pmol cm−2), whereas it reaches five times

ore, i.e. 15 pmol cm−2 for COMP*. These data show that hybridiza-
ion occurs efficiently on the modified electrode, and is highly
equence-specific.

In addition to these results, we performed an original and com-
lementary experiment. This time, dehybridization was performed

n PBS instead of pure H2O, not only at 80 ◦C but at increasing tem-
eratures from 35 ◦C up to 95 ◦C and fluorescence was followed
tepwise, as a function if temperature. As shown (Fig. 8), fluo-
escence increases significantly for temperatures above 55 ◦C. The
hape of the curve corresponds to the melting temperature of the
ROBE-COMP* duplex (given at 72 ◦C in homogenous conditions).
his result demonstrates without any doubt that dehybridization
s responsible for this behaviour.

. Conclusion

The modification of 5-hydroxy-1,4-naphthoquinone by �-l-
lutamyl-l-cysteinyl-glycine (glutathione) has been obtained by
direct and elegant method. The resulting 2-(�-l-glutamyl-l-
ysteinyl-glycine)-5-hydroxy-1,4-naphthoquinone (HNQ–Glu)
resents 3 functional groups: the hydroxyl group for elec-
ropolymerization, the quinone group as the redox reporter,
nd the glutathione oligopeptide as a precursor for subsequent
iomolecule linkage, via amine or carboxylic groups.

[
[
[
[

0 (2010) 1318–1325 1325

It is shown that the co-electrooxidation of HNQ–Glu and
unmodified HNQ leads to poly(HNQ-co-HNQ–Glu), into which the
quinone group remains electroactive, even in neutral buffered solu-
tion.

The poly(HNQ-co-HNQ–Glu)-modified electrode allows to
detect directly DNA hybridization with a “signal-on” current (i.e.
a current increase in Square Wave Voltammetry curve).

This DNA sensor is selective as a positive response is detected
when a complementary DNA strand is added, while no significant
signal change is observed consecutively to addition of a non-
complementary or a mismatch sequence.

The molecular recognition is detected by changes in the elec-
troactivity of the quinone group. This is due to the fact that DNA
strands generate both steric hindrance and electrostatic effect on
the electrode surface, which influences the quinone electroactivity.

The high selectivity could be explained by the fact that as the Glu
moiety is negatively charged and poly(HNQ-co-HNQ–Glu) film is a
cation (sodium) exchanger, non-specific adsorption of DNA strands
are prevented.

The high selectivity as well as the “signal-on” response make
this film original and efficient to be used in a direct DNA biosensor.
This is, to our knowledge, the only work reported in the literature
concerning an electrochemical DNA sensor using glutathione as
the binding element. This approach can be generalized with other
polypeptides, providing that a thiol group is available.
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