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This paper reports on the impedimetric transduction of binding reaction between
polymerized saccharides and target lectins. The controlled potential electro-oxidation
of pyrrole-lactosyl and pyrrole-3′ -sialyllactosyl at 0.95 V vs. Ag/AgCl, provides thin
and reproducible poly(pyrrole-saccharide) films. The affinity binding of two lectins:
Arachis hypogaea, (PNA) and Maackia amurensis (MAA) onto poly(pyrrole-lactosyl) and
poly(pyrrole-3′ -sialyllactosyl) electrodes, was demonstrated by cyclic voltammetry in
presence of ruthenium hexamine and hydroquinone. In addition, rotating disk experiments
were carried out to determine the permeability of both polypyrrole films and its evolution
after incubating with lectin target. Finally, the possibility of using the poly(pyrrole-lactosyl)
or poly(pyrrole-3′ -siallyllactosyl) films for the impedimetric transduction of the lectin
binding reaction, was investigated with hydroquinone (2 × 10−3 mol L−1) as a redox probe
in phosphate buffer. The resulting impedance spectra were interpreted and modeled as an
equivalent circuit indicating that charge transfer resistance (Rct) and relaxation frequency
(f◦) parameters are sensitive to the lectin binding. Rct increases from 77 to 97 � cm2 for
PNA binding and from 93 to 131 � cm2 for MAA binding. In parallel, f◦ decreases from 276
to 222 Hz for PNA binding and from 223 to 131 Hz for MAA binding. This evolution of both
parameters reflects the steric hindrances generated by the immobilized lectins towards
the permeation of the redox probe.

Keywords: oligosaccharide, lectin, electropolymerization, polypyrrole, electrochemical impedance spectroscopy,

biosensor

INTRODUCTION
Lectins, non-immunoglobulin proteins that bind carbohydrates,
play a central role in a wide range of biological processes such as
cell–cell recognition, viral and bacterial pathogenesis, and inflam-
mation (Sharon, 2007). In addition to continuous progresses in
oligosaccharide synthesis, sensitive and label-free detection of
carbohydrate-lectin interactions has emerged over the last decade
as an important diagnostic tool in medical or food applications
(Zeng et al., 2012). Among others, a biosensor functionalized with
blood group P related disaccharide showed high specificity in the
binding of the uropathogenic bacteria P-fimbriated Escherichia
coli compared to the binding of non-infectious bacteria (Nilsson
and Mandenius, 1994; Furtado et al., 2012). More recently, a
xyloglucan film-based biosensor have been developed for the
toxicity assessment of ricin in castor seed meal (Stevens et al.,
2006).

Lectin detection has been investigated using different methods
such as QCM (Shen et al., 2007; Wilczewski et al., 2008; Norberg
et al., 2011, 2012), fluorescence (Kikkeri et al., 2009; Sanji et al.,

2009; Shiraishi et al., 2010; Mandal et al., 2012), SPR (Vornholt
et al., 2007; Gondran et al., 2008; Murthy et al., 2008; Wilczewski
et al., 2008; Spain and Cameron, 2011), voltammetry (Casas-
Solvas et al., 2008; Hu et al., 2012), electrochemical impedance
spectroscopy (EIS) (Dubois et al., 2005; Szunerits et al., 2010; Xi
et al., 2011; Oliveira et al., 2011). EIS is an efficient and sensitive
technique suitable for the characterization of deposits on elec-
trode surfaces and their evolution. This technique is especially
promising for the development of affinity biosensors. Indeed,
affinity biosensors are based on a molecular recognition process
such as DNA hybridization, immunoreaction or ligand–protein
interactions that could affect the properties of the electrode
surface. Moreover, this approach allows label-free detection in
bioanalysis since it bypasses the need to modify biomolecules
with fluorescent or enzymatic labels (Daniels and Pourmand,
2007; Baur et al., 2010; Sanchez-Pomales and Zangmeister, 2011).
However, EIS method requires a reversible signal from a redox
probe diffusing from the solution to the electrode surface through
the recognition layer. Consequently, this method necessitates the
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reproducible immobilization of a recognition layer on the surface
of the electrode which has a high permeability to allow the dif-
fusion of redox probe. Taking into account that lectins are much
smaller proteins than antibodies, the recognition layer should dis-
play higher densities of carbohydrate-sensing elements than con-
ventional configurations of immunosensors while maintaining a
high permeability.

The stable and reproducible immobilization of saccharides
on a surface with complete retention of their biological activity
remains always a crucial problem. Different methods for engi-
neering surfaces that contain an ordered arrangement of selected
carbohydrates have been reported (Dyukova et al., 2006; Rillahan
and Paulson, 2011). Among the various methods of electrode
modification, the electrogeneration of functionalized polymers as
recognition interfaces between an electrode and the lectin target
is a promising avenue due to the reproducibility of the polymer
formation and the easy control of its thickness and morphology
(Cosnier, 2007; Mercey et al., 2008).

We, previously, reported the synthesis of pyrrole-
functionalized oligosaccharides: pyrrole-lactosyl and
pyrrole-3′-sialyllactosyl and their use for the generation of
SPR sensors specific to two lectins (Arachis hypogaea, PNA and
Maackia amurensis MAA agglutinins) (Gondran et al., 2008). In
this context, we report here the electrochemical characterization
of these carbohydrate-polymers and the investigations of their
potentialities for the impedimetric detection of lectins and hence
for the development of label-free impedance sensors (Figure 1).
Indeed, rapid, sensitive and cost-effective detection of lectin
binding specifically to α-2,3 or 2,6 sialylated oligosaccharides
are highly desirable diagnostic tools for specific detection of
influenza viruses. For instance, while human flu viruses prefer to
bind to receptors that display sialic acid linked to galactose by an
α-2,6 linkage, highly pathogenic avian flu viruses prefer to bind
to the α-2,3 linkage (Stevens et al., 2006).

MATERIALS AND METHODS
CHEMICALS
Lithium perchlorate (LiClO4) was purchased from Fluka and was
used as received. Hydroquinone was purchased from Prolabo
(VWR international) and ruthenium hexamine trichloride from
Aldrich. Pyrrole-lactosyl and pyrrole-3′-sialyllactosyl were syn-
thesized as described in previous publications (Fort et al., 2005;
Gondran et al., 2008). PNA and MAA agglutinins were obtained
from Sigma. All other chemicals were analytical reagent grade and
obtained from Aldrich. All solutions were prepared with Millipore
water (18 M� cm).

ELECTROCHEMICAL INSTRUMENTATION
Electrochemical investigations were performed with Autolab
potentiostat 100 (EcoChemie, Utrecht, The Netherlands) and a
conventional three-electrode configuration was employed in all
experiments. Glassy carbon disk electrodes (3 or 5 mm of diam-
eter) polished with 1 μm diamond paste were used as working
electrode. A platinum wire placed in a separated compartment
containing the supporting electrolyte was used as an auxiliary
electrode. A saturated Ag-AgCl-KCl electrode (Ag/AgCl) was
used as reference electrode for voltammetry experiments while a

saturated calomel electrode (SCE) was employed for impedance
measurements.

As previously described (Gondran et al., 2008), polymeriza-
tion of the sensing polymers were carried out by electrochemical
oxidation of the pyrrole group of pyrrole-lactosyl or pyrrole-3′-
sialyllactosyl into radical cation and their subsequent coupling.
Potentiostatic chronocoulometries at +0.95 V were performed
with pyrrole-lactosyl or pyrrole-3′-sialyllactosyl (3 × 10−3 mol
L−1) in H2O +0.1 mol L−1 LiClO4. Polymerization processes are
stopped for a charge of 10−4 C. Cyclic voltammetry is then used
to obtain the signal of the polymer formed in H2O +0.1 mol
L−1 LiClO4 solution free of monomer. Voltammograms were
recorded at 0.1 V s−1.

Cyclic voltammetries were carried out with hydroquinone
(2 × 10−3 mol L−1) or Ru(NH3)3+

6 (2 × 10−3 mol L−1) as a
redox probe in 0.1 mol L−1 phosphate buffer solution (pH 7.2).
Voltammograms were recorded at 0.1 V s−1.

Permeability measurements were carried out with hydro-
quinone (2 × 10−3 mol L−1) as a redox probe in 0.1 mol L−1

phosphate buffer solution (pH 7.2). The rotating disk voltammo-
grams were recorded at 5 × 10−3 V s−1, the rotating rate varying
from 250 to 3000 rpm.

The electrochemical impedance measurements were per-
formed at room temperature by immersing the electrode into
0.1 mol L−1 phosphate buffer (pH 7.2) containing hydroquinone
(2 × 10−3 mol L−1) as a redox probe. The frequency sweep
was from 50 kHz to 0.01 Hz. Impedance measurements were
performed at a potential of 0.35 V/SCE with AC amplitude of
5 mVrms at a rotation rate of 3000 rpm. A ZView software
(Scribner Associates Inc.) was used to simulate the data based on
an appropriate equivalent electrical circuit.

LECTIN ASSAYS
The binding of lectin was studied by incubating of 20 μl of PNA or
MAA (8.3 μmol L−1) in phosphate buffer (0.1 mol L−1, pH 7.2)
containing 10−3 mol L−1 of CaCl2 and 10−3 mol L−1 of MnCl2,
for 45 min at room temperature. Electrodes were then rinsed with
phosphate buffer (0.1 mol L−1, pH 7.2).

RESULTS AND DISCUSSION
ELECTROCHEMICAL ELABORATION AND CHARACTERIZATION OF
POLY(PYRROLE-LACTOSYL) AND POLY(PYRROLE-3′-SIALYLLACTOSYL)
FILMS ON GLASSY CARBON ELECTRODES
The electrochemical behavior of the pyrrole-lactosyl (3 ×
10−3 mol L−1) was investigated in H2O +0.1 mol L−1 LiClO4.
Upon oxidative scanning, the monomer exhibits an irreversible
peak at 1.0 V corresponding to the oxidation of the pyrrole group
in highly reactive radical cation in order to form polypyrrole
film (Figure 2). The potential of the electrochemical oxidation of
pyrrole-lactosyl is in accordance with those previously reported
for N-alkyl-pyrrole monomers (0.8–1.1 V) (Diaz et al., 1982). The
cyclic voltammogram of pyrrole-3′-sialyllactosyl recorded under
the same conditions shows a similar behavior with an identi-
cal potential value for the irreversible oxidation peak (data not
shown).

In order to generate thin and reproducible poly-
meric layers, electropolymerization of pyrrole-lactosyl and
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FIGURE 1 | Schematic representation of (A) poly(pyrrole-lactosyl) film formed on electrodes by electropolymerization of pyrrole-lactosyl and

detection of PNA; (B) poly(pyrrole-3′-sialyllactosyl) film formed on electrodes by electropolymerization of pyrrole-lactosyl and detection of MAA.

FIGURE 2 | Cyclic voltammogram recorded at a glassy carbon

electrode of pyrrole-lactosyl (3 × 10−3 mol L−1) in H2O +0.1 mol L−1

LiClO4. Scan rate = 0.1 V s−1.

pyrrole-3′-sialyllactosyl was performed by controlled potential
electrolysis at 0.95 V on glassy carbon electrode (passed charge:
10−4 C). The resulting electrodes were then transferred into H2O
+0.1 mol L−1 LiClO4 solution free of monomer. As expected
the cyclic voltammograms of these electrodes exhibit a broad
oxidation peak around 0.4 V assigned to the oxidation of the

polypyrrolic matrix (Figure 3). It appears that the peak of
polypyrrole oxidation is more clearly defined for poly(pyrrole-
lactosyl) suggesting a better electroactivity of this film. In fact,
the higher solubility and bulkiness of pyrrole-siallylactose
compared to pyrrole-lactosyl may promote the formation of
short oligomers instead of long polymeric chains and hence
led to a lower polymer conductivity. The apparent surface
coverages of the electropolymerized pyrrole-lactosyl and pyrrole-
3′-sialyllactosyl (� = 3.2 × 10−9 and 2.8 × 10−9 mol cm−2),
were determined from the charge recorded under the oxidation
wave of the poly(pyrrole) backbone. Different polymerization
charges were used to evaluate the efficiency of the polymerization
process for both monomers. A similar behavior was observed, the
electric yield decreasing from 75% to about 50% for respectively
0.5 × 10−4 and 1 × 10−4 C, reaching then 10% for an electrolysis
charge of 5 × 10−4 C.

CYCLIC VOLTAMMETRIC CHARACTERIZATION OF
POLY(PYRROLE-LACTOSYL)/PNA AND
POLY(PYRROLE-3′-SIALYLLACTOSYL)/MMA INTERFACES
The possible binding of PNA onto the polymerized lactose and
MAA onto the polymerized 3′-siallyllatose was investigated by
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FIGURE 3 | (A) Cyclic voltammogram of the poly(pyrrole-lactosyl) film
deposited on a glassy carbon electrode (� = 3.2 × 10−9 mol cm−2) in H2O
+0.1 mol L−1 LiClO4; (B) cyclic voltammogram of the
poly(pyrrole-3′-sialyllactosyl) film (� = 2.8 × 10−9 mol cm−2) in H2O
+0.1 mol L−1 LiClO4. Scan rate = 0.1 V s−1.

cyclic voltammetry measurements. Two redox probes exhibit-
ing different molecular size were used: ruthenium hexamine
and hydroquinone. PNA and MAA agglutinins were incubated
on poly(pyrrole-lactosyl) and poly(pyrrole-3′-sialyllactosyl) elec-
trodes, respectively, for 45 min. This incubation time was deter-
mined by SPR (Gondran et al., 2008). Electrodes were then rinsed
with phosphate buffer. Figure 4 show the voltammograms of
these probes (2 × 10−3 mol L−1) in phosphate buffer obtained
at poly(pyrrole-lactosyl) electrodes before and after PNA incu-
bation. In both cases, a decrease in peak system intensity and
an increase in �Ep values were observed after the lectin incuba-
tion. For instance, the cathodic peak current density for ruthe-
nium hexamine changes from −884 to −835 A cm−2 while �Ep

increases from 80 to 170 mV (Figure 4A). Concerning the hydro-
quinone couple, the anodic peak current density decreases from
559 to 467 A cm−2 and �Ep increases from 730 to 1010 mV
(Figure 4B). It should be noted that a similar evolution was
recorded after the incubation of MAA onto the poly(pyrrole-
3′-sialyllactosyl) electrode (data not shown). These phenomena
clearly indicate an increase in steric hindrances towards the per-
meation of these redox probes and hence reflect the specific
binding of PNA or MAA on their corresponding polymer. It

FIGURE 4 | Cyclic voltammogram of (A) ruthenium hexamine

(2 × 10−3 mol L−1) (B) hydroquinone (2 × 10−3 mol L−1) at a glassy

carbon electrode modified with poly(pyrrole-lactosyl) film

(� = 3 × 10−9 mol cm−2) before (line) and after (dashed line)

incubation with PNA (8.3 × 10−6 mol L−1) in 0.1 mol L−1 phosphate

buffer (pH = 7.2). Scan rate at 0.1 V s−1.

should be noted that the voltammogram changes due to the
anchoring of lectin at the polymer surface are greater with the
neutral and smaller probe (hydroquinone) than with ruthenium
hexamine. Hydroquinone probe was therefore selected for further
study.

PERMEABILITIES OF POLY(PYRROLE-LACTOSYL)/PNA AND
POLY(PYRROLE-3′-SIALYLLACTOSYL)/MMA INTERFACES
The evolution of the electrode interface was investigated by
linear sweep voltammetry using vitreous carbon rotating disk
electrode (RDE) with hydroquinone (2 × 10−3 mol L−1) as a
redox probe in phosphate buffer. Voltammograms were recorded
from 0.00 to 1.00 V at 5 × 10−3 V s−1 in order to involve
the potential range of hydroquinone oxidation. Steady-state
limiting currents were recorded for the poly(pyrrole-lactosyl)
and the poly(pyrrole-3′-sialyllactosyl) electrodes before and
after incubating with PNA and MAA, respectively. Figure 5
shows the resulting Koutecky–Levich curves corresponding to
reciprocal of the limiting current density vs. reciprocal of
the square root of the rotating rate. The permeability of a
film, Pm, depends on the redox probe and on the membrane
according to:

Pm = DmK

δ
(1)

with Dm is the diffusion coefficient of the redox probe into
the membrane, K is the partition equilibrium constant of
redox probe between solution and membrane and δ is the
thickness of the membrane. The Koutecky–Levich curves were
treated by the Equations 2–4 introduced by Gough and Leypold
(Gough and Leypoldt, 1979, 1980) that describe the vari-
ation of steady state limiting current density Jlim with the
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FIGURE 5 | Koutecky-Levich plots obtained with stationary curves at a

scan rate of 5 × 10−3 V s−1 in the presence of 2 × 10−3 mol L−1 of

hydroquinone in 0.1 mol L−1 PB (pH 7.2), the rotating disk

voltammograms were recorded from 0.0 to 1.00 V vs. Ag/AgCl at

different rotation speeds (from 250 to 3000 rpm) on glassy carbon

electrode; before (black circle) and after (empty circle) incubation of

8.3 × 10−6 mol L−1 of specific lectin (PNA or MAA). (A)

Poly(pyrrole-lactosyl) film (� = 2.1 × 10−9 mol cm−2) (black circle) and
poly(pyrrole-lactosyl) film + PNA (empty circle). (B)

Poly(pyrrole-3′-sialyllactosyl) film (� = 2.8 × 10−9 mol cm−2) (black circle)
and poly(pyrrole-3′-sialyllactosyl) film + MAA (thin line).

mass transport for a rotating disk electrode coated with a
membrane:

1

Jlim
= 1

Js
+ 1

Jm
(2)

Js = 0.62n F C◦ D2/3
s υ−1/6 �1/2 (3)

Jm = n F Dm K C◦

δ
(4)

with n is the electron number (2 for hydroquinone), F the Faraday
constant, C◦ and Ds the concentration and the diffusion coeffi-
cient of redox probe in the bulk of the solution, ν the kinematic
viscosity of the solution, � the rotation rate of the RDE. In the
absence of a membrane, the first term in Equation 2 does not
exist and the straight line passes throught zero and is therefore
characteristic of the diffusion on the substrate in the bulk solution

(Levich current, Equation 3). In the presence of a membrane, the
positive intercept of the straight lines depend on the permeability
of the films according to:

1

Jlim
(� → ∞) = 1

Jm

Table 1 gives the mean values of permeability obtained with three
electrodes of each type (poly(pyrrole-lactosyl) or poly(pyrrole-
3′-siallyllactosyl)). In accordance with their similar monomeric
structures, it appears that the two polymers have simi-
lar permeability values, namely 0.18 and 0.22 cm s−1 for
poly(pyrrole-lactosyl) and poly(pyrrole-3′-sialyllactosyl), respec-
tively. Such range of permeability is higher than those previously
reported for other poly(N-substituted-pyrroles) reflecting the
high hydrophilic character of these polymers (Ionescu et al., 2004;
Giroud et al., 2009; Xu et al., 2012). The latter should promote
the polymer swelling in water and hence facilitate the perme-
ation of probes. As expected, after the incubation stage with target
protein and a careful rinsing, the permeability decreases demon-
strating an efficient recognition process between polymerized
saccharides and lectins. A 40% loss of permeability is observed
for poly(pyrrole-lactosyl)/PNA interface while the loss is 55% for
poly(pyrrole-3′-siallyllactosyl)/MMA interface.

ELECTROCHEMICAL IMPEDIMETRIC CHARACTERIZATION OF
POLY(PYRROLE-LACTOSYL)/PNA AND
POLY(PYRROLE-3′-SIALYLLACTOSYL)/MMA INTERFACES
The possibility of using the poly(pyrrole-lactosyl) or
poly(pyrrole-3′-siallyllactosyl) for the impedimetric transduc-
tion of the lectin detection, was investigated with hydroquinone
(2 × 10−3 mol L−1) as a redox probe in phosphate buffer. EIS was
thus performed at 0.35 V/SCE corresponding to the oxidation
of hydroquinone for characterizing the polymer and the lectin
binding (Figure 6). After incubating with its specific lectin, each
modified electrode presents an increase in impedance reflecting
the lectin binding.

An equivalent circuit was designed to fit the experimental
impedance values (Figure 7). The circuit includes the ohmic
resistance, Rel, of the electrolyte solution, the electronic charge
transfer resistance, Rct, in series with the finite length Warburg,
Wδ, and in parallel with the double layer capacitance, Cdl

(Barsoukov and Macdonald, 2005). The high frequency semicircle
of the Nyquist diagram corresponds to the charge transfer resis-
tance in parallel of double layer capacitance. The low frequency
loop is attributed to the finite length Warburg due to the diffusion
of hydroquinone. We used constant phase element (CPE) instead
of capacitance, to account of surface inhomogeneity on the mod-
ified electrode (Daniels and Pourmand, 2007). The impedance of
a CPE is given by:

ZCPE = Q−1 (
jω

)−α

where Q is the amplitude of the CPE, ω is the angular frequency
and α is the exponent which is a real number that varies between
0 and 1. When α = 1, purely capacitive behavior is observed (i.e.,
Q = C). The lines passing through the data points in Figure 6

www.frontiersin.org July 2013 | Volume 1 | Article 10 | 5

http://www.frontiersin.org
http://www.frontiersin.org/Analytical_Chemistry/archive


Gondran et al. Polymerized saccharides for lectin detection

Table 1 | Permeability, values of equivalent circuit elements obtained for fitting of the experimental data and impedance modulus at 35 Hz for

poly(pyrrole-lactosyl) and at 11.5 Hz for poly(pyrrole-3′sialyllactosyl).

Pm/cm s−1 Rct/� cm2 Cdl/µF cm−2 f◦/Hz α Rδ /� cm2 τ /s Z/� cm2

Poly(pyrrole-lactosyl) film 0.18 ± 0.02 77 ± 3 7.5 ± 0.3 276 0.89 30 ± 1 0.133 90 (to 35 Hz)

Poly(pyrrole-lactosyl) film + PNA lectin 0.11 ± 0.02
(− 40%)

97 ± 3
(+ 26%)

7.4 ± 0.3
(− 1%)

222
(− 25 %)

0.89 33 ± 1 0.158 109 (to 35 Hz)
(+ 21 %)

Poly(pyrrole-3′-sialyllactosyl) film 0.22 ± 0.02 93 ± 3 7.7 ± 0.3 223 0.83 28 ± 1 0.114 110 (to 11.5 Hz)

Poly(pyrrole-3′-sialyllactosyl) film +
MAA lectin

0.10 ± 0.02
(− 55 %)

131 ± 4
(+ 41 %)

7.6 ± 0.3
(− 1 %)

131
(− 41 %)

0.84 29 ± 1 0.126 143 (to 11.5 Hz)
(+ 30 %)

Relative change between parameters, before and after incubation of the specific lectin, is given in italic.

FIGURE 6 | Nyquist plot of impedance spectra obtained in the

presence of 2 × 10−3 mol L−1 of hydroquinone in 0.1 mol L−1 PB (pH

7.2); before and after incubation of 8.3 × 10−6 mol L−1 of specific lectin

(PNA or MAA). The frequency sweep was from 50 kHz to 0.01 Hz.
Impedance measurements were performed at 0.35 V vs. SCE with AC
amplitude of 5 mVrms at a rotation rate of 3000 rpm. (i)
poly(pyrrole-lactosyl) film (� = 2.1 × 10−9 mol cm−2); (ii)
poly(pyrrole-3′-sialyllactosyl) film (� = 2.0 × 10−9 mol cm−2); (iii)
poly(pyrrole-lactosyl) film + PNA; (iv) poly(pyrrole-3′-sialyllactosyl) film +
MAA. Experimental (dots) and fitted data (lines) are presented.

FIGURE 7 | Equivalent circuit used to fit the experimental data and

schematic representation of Nyquist plot corresponding to this

equivalent circuit.

represent the fits using this circuit, its superposition on the data
points indicated a good match of the model with the measured
data. Table 1 shows values of the equivalent circuit elements
obtained by the experimental data fitting.

The comparison of the polymer characteristics before the
incubation stage with lectin shows a lower charge transfer resis-
tance (Rct) for poly(pyrrole-lactosyl) (77 against 93� cm2)

combined with a higher relaxation frequency (f◦) (276 against
223 Hz). Moreover, the α parameter that reflects the homo-
geneity of the surface of the modified electrode (Barsoukov
and Macdonald, 2005), is more important for poly(pyrrole-
lactosyl) than for poly(pyrrole-3′-siallyllactosyl) (0.89 against
0.83). All these observations suggest that electron transfer of
hydroquinone oxidation is facilitated with the poly(pyrrole-
lactosyl) film through better homogeneity and electroactivity (i.e.
α higher, Rct lower and f◦ higher). This is corroborated by the
higher electroactivity of the poly(pyrrole-lactosyl) film observed
previously by cyclic voltammetry (Figure 3A). Other parameters
such as the double layer capacitance or the diffusion resistance
Rδ and diffusion relaxation time, τ, are similar for the two
polymers.

After incubating with the target lectin, it appears that Rct

increases from 77 to 97 � cm2 for PNA and from 93 to 131 �

cm2 for MAA. In addition, the relaxation frequency decreases
from 276 to 222 Hz for PNA and from 223 to 131 Hz for MAA.
This evolution of both parameters is in good agreement with the
slowdown of electron transfer between the modified electrode
and hydroquinone due to the steric hindrances generated by the
immobilized lectins. The value of the α parameter is almost con-
stant indicating that the lectin binding does not affect the surface
roughness. This suggests that the surface is covered with a lectin
layer that replicates the roughness of the polymer. Surprisingly,
the double layer capacitance remains unchanged in the presence
of lectin. While Rδ and τ values are weakly affected. It seems that
the diffusion layer is little influenced by the presence of lectin. A
similar behavior was previously reported for the operating princi-
ple of an impedimetric DNA sensor with hydroquinone as redox
probe (Baur et al., 2010). In summary, the increase in Rct remains
the most sensitive parameter to detect the molecular recogni-
tion between lectin and polymerized saccharides and hence the
lectin immobilization. Taking into account that Rct increase was
26% for poly(pyrrole-lactosyl)/PNA, and 41% for poly(pyrrole-
3′-sialyllactosyl)/MAA, the impedimetric approach seems more
sensitive with poly(pyrrole-3′-sialyllactosyl).

The control experiments were carried out in order to investi-
gate the specificity of these two systems. To determine the possible
non-specific adsorption of lectin onto the modified electrode,
poly(pyrrole-lactosyl) electrodes were incubated with MAA and
poly(pyrrole-3′-sialyllactosyl) electrodes were incubated with
PNA. After the incubation stage of MAA with poly(pyrrole-
lactosyl), the relative variation of Rct is +5.6% whereas the
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Rct increase for the detection of PNA was +26%. In the same
vein, after the incubation stage of PNA with poly(pyrrole-3′-
sialyllactosyl), the relative variation of Rct is only +2.5% whereas
the specific lectin, MAA induced a Rct increase of 41%. Such
results unambiguously demonstrate the specificity of the lectin
binding onto the polypyrrolic films. It should be noted that addi-
tion of MAA onto poly(pyrrole-lactosyl) film leads to higher
non-specific interactions than PNA incubated with poly(pyrrole-
3′-sialyllactosyl). In fact, although MAA interacts specifically with
sialyllactose, this lectin is also sensitive to several lactose deriva-
tives and hence may be adsorbed onto poly(pyrrole-lactosyl). In
particular, it has been shown that lactose is an inhibitor of MAA
lectin with low affinity (Knibbs et al., 1991).

The use of impedimetric detector requires the recording of
impedance spectra over a wide frequency range and the modeling
of the data. An attractive alternative may be to develop measure-
ments at a single frequency. It appears that the biggest change of
the impedance modulus after the incubation stage of PNA with
poly(pyrrole-lactosyl) electrode was detected around 35 Hz for
the poly(pyrrole-lactosyl) (109 against 90 � cm2). This frequency
(35 Hz) is at the end of the semicircle (Figure 6). The relative
variation of the impedance modulus, Z35 Hz, is 20%, while the
relative change in the Rct was 26%. After incubating with MAA,
the poly(pyrrole-3′-sialyllactosyl) electrode provides the biggest
change at 11.5 Hz (143 against 110 � cm2). As expected, this

lectin/polymer system leads to a lower detection frequency since
this system presents a lower of f◦ value. The relative variation of
the impedance modulus, Z11.5 Hz, is then 30%, while the relative
change of Rct was 41%. Control experiments provide a varia-
tion of impedance modulus of 4.3% for poly(pyrrole-lactosyl)
incubated with MAA and 1.9% for poly(pyrrole-3′-sialyllactosyl)
with incubated PNA. These results corroborate the possibility to
develop conductivity detection (at a single frequency) of lectins.

CONCLUSION
In this report, we demonstrated the specific anchoring of lectins
onto poly(pyrrol-lactosyl) and poly(pyrrole-3′-sialyllactosyl)
films by cyclic voltammetry and rotating disk experiments. Beside
their reproducibility and homogeneity, the main advantage of
these polymers lies in their permeable and hydrophilic charac-
ter. These characteristics were exploited for the efficient detection
of lectin binding by impedance transduction. It is thus expected
that such electrogenerated poly(pyrrole-saccharide) films com-
bined with EIS transduction will be useful for the development
of impedimetric sensors for the label-free detection of lectins.

ACKNOWLEDGMENTS
The authors would like to give thanks to the platform
“Functionalization of Surfaces and Transduction” of the scientific
structure “Nanobio” for providing facilities.

REFERENCES
Barsoukov, E., and Macdonald, J. R.

(2005). Impedance Spectroscopy:
Theory, Experiment, and
Applications, 2nd Edn., New
Jersey, NJ: John Wiley and Sons,
Inc. doi: 10.1002/0471716243

Baur, J., Gondran, C., Holzinger,
M., Defrancq, E., Perrot, H., and
Cosnier, S. (2010). Label-free fem-
tomolar detection of target DNA by
impedimetric DNA sensor based on
Poly(pyrrole-nitrilotriacetic acid)
film. Anal. Chem. 82, 1066–1072.
doi: 10.1021/ac9024329

Casas-Solvas, J. M., Ortiz-Salmeron,
E., Garcıa-Fuentes, L., and
Vargas-Berenguel, A. (2008).
Ferrocene–mannose conjugates as
electrochemical molecular sensors
for concanavalin A lectin. Org.
Biomol. Chem. 6, 4230–4235. doi:
10.1039/b809542f

Cosnier, S. (2007). Recent advances in
biological sensors based on elec-
trogenerated polymers: a review,
Anal. Lett. 40, 1260–1279. doi:
10.1080/00032710701326643

Daniels, J. S., and Pourmand, N.
(2007). Label-free Impedance
Biosensors: Opportunities and
Challenges. Electroanalysis 19,
1239–1257. doi: 10.1002/elan.
200603855

Diaz, A. F., Castillo, J., Kanazawa, K.
K., Logan, J. A., Salmon, M., and
Fajordo, O. (1982). Conducting

poly-N-alkylpyrrole polymer
films, J. Electroanal. Chem. 133,
233–239. doi: 10.1016/0368-1874
(82)85140-X

Dubois, M. P., Gondran, C., Renaudet,
O., Dumy, P., Driguez, H., Fort, S.,
et al. (2005). Electrochemical detec-
tion of Arachis hypogaea (peanut)
agglutinin binding to monovalent
and clustered lactosyl motifs immo-
bilized on a polypyrrole film. Chem.
Commun. 2005, 4318–4320. doi:
10.1039/b506699a

Dyukova, V. I., Shilova, N. V., Galanina,
O. E., Rubina, A. Y., and Bovin,
N. V. (2006). Design of carbo-
hydrate multiarrays. Biochim.
Biophys. Acta 1760, 603–609. doi:
10.1016/j.bbagen.2005.12.005

Fort, S., Birikaki, L., Dubois, M.
P., Antoine, T., Samain, E., and
Driguez, H. (2005). Biosynthesis
of conjugatable saccharidic moi-
eties of GM2 and GM3 ganglio-
sides by engineered E. coli. Chem.
Commun. 2005, 2558–2560. doi:
10.1039/b500686d

Furtado, R. F., Alves, C. R., Moreira, A.
C. O., Azevedo, R. M., and Dutra, R.
F. (2012). A novel xyloglucan film-
based biosensor for toxicity assess-
ment of ricin in castor seed meal.
Carbohydr. Polym. 89, 586–591. doi:
10.1016/j.carbpol.2012.03.053

Giroud, F., Gorgy, K., Gondran,
C., Cosnier, S., Pinacho, D., and
Marco, P., Sánchez-Baeza, F. (2009).

Impedimetric immunosensor based
on a poly(pyrrole-antibiotic model)
film for the label-free picomo-
lar detection of ciprofloxacin.
Anal. Chem. 81, 8405–8409. doi:
10.1021/ac901290m

Gondran, C., Dubois, M. P., Fort, S.,
Cosnier, S., and Szunerits, S. (2008).
Detection of carbohydrate-binding
proteins by oligosaccharide-
modified polypyrrole interfaces
using electrochemical surface
plasmon resonance. Analyst 133,
206–212. doi: 10.1039/b714717a

Gough, D. A., and Leypoldt, J. K.
(1979). Membrane-covered, rotated
disk electrode. Anal. Chem. 51,
439–444. doi: 10.1021/ac50039a028

Gough, D. A., and Leypoldt, J. K.
(1980). Rotated, Membrane-
Covered Oxygen Electrode.
Anal. Chem. 52, 1126–1130.
doi: 10.1021/ac50057a030

Hu, F., Chen, S., Wang, C., Yuan, R.,
Xiang, Y., and Wang, C. (2012).
Multi-wall carbon nanotube-
polyaniline biosensor based on
lectin–carbohydrate affinity for
ultrasensitive detection of Con A.
Biosens. Bioelectron. 34, 202–207.
doi: 10.1016/j.bios.2012.02.003

Ionescu, R. E., Gondran, C., Cosnier,
S., Gheber, L. A., and Marks, R.
S. (2004). Construction of amper-
ometric immunosensors based on
the electrogeneration of a perme-
able biotinylated polypyrrole film.

Anal. Chem. 76, 6808–6813. doi:
10.1021/ac049413z

Kikkeri, R., Garcia-Rubio, I., and
Seeberger, P. H. (2009). Ru(II)–
carbohydrate dendrimers as
photoinduced electron transfer
lectin biosensors. Chem. Commun.
2009, 235–237. doi: 10.1039/
b814146k

Knibbs, R. N., Goldstein, I. J.,
Ratcliffe, R. M., and Shibuya,
N. (1991). Characterization of the
Carbohydrate Binding Specificity of
the Leukoagglutinating Lectin from
Maackia amurensis. J. Biol. Chem.
266, 83–88.

Mandal, S., Das, R., Gupta, P.,
and Mukhopadhyay, B. (2012).
Synthesis of a sugar-functionalized
iridium complex and its applica-
tion as a fluorescent lectin sensor.
Tetrahedron Lett. 53, 3915–3918.
doi: 10.1016/j.tetlet.2012.05.075

Mercey, E., Sadir, R., Maillart, E.,
Roget, A., Baleux, F., Lortat-
Jacob, H., and Livache, T. (2008).
Polypyrrole oligosaccharide array
and surface plasmon resonance
imaging for the measurement of
glycosaminoglycan binding interac-
tions. Anal. Chem. 80, 3476–3482.
doi: 10.1021/ac800226k

Murthy, B. N., Sinha, S., Surolia,
A., Indi, S. S., and Jayaraman,
N. (2008). SPR and ITC deter-
mination of the kinetics and the
thermodynamics of bivalent versus

www.frontiersin.org July 2013 | Volume 1 | Article 10 | 7

http://www.frontiersin.org
http://www.frontiersin.org/Analytical_Chemistry/archive


Gondran et al. Polymerized saccharides for lectin detection

monovalent sugar ligand–lectin
interactions, Glycoconj. J. 25,
313–321. doi: 10.1007/s10719-007-
9076-6

Nilsson, K. G. I., and Mandenius,
C. F. (1994). A carbohydrate
biosensor surface for the detection
of uropathogenic bacteria. Nat.
Biotechnol. 12, 1376–1378. doi:
10.1038/nbt1294-1376

Norberg, O., Deng, L., Aastrup,
T., Yan, M., and Ramström, O.
(2011). Photo-click immobilization
on quartz crystal microbalance
sensors for selective carbohydrate-
protein interaction analyses.
Anal. Chem. 83, 1000–1007. doi:
10.1021/ac102781u

Norberg, O., Lee, I. H., Aastrup, T.,
Yan, M., and Ramström, O. (2012).
Photogenerated lectin sensors pro-
duced by thiol-ene/yne photo-click
chemistry in aqueous solution.
Biosens. Bioelectron. 34, 51–56. doi:
10.1016/j.bios.2012.01.001

Oliveira, M. D. L., Nogueira, M. L.,
Correia, M. T. S., Coelho, L. C. B.
B., and Andrade, C. A. S. (2011).
Detection of dengue virus serotypes
on the surface of gold electrode
based on Cratylia mollis lectin affin-
ity. Sens. Actuators B 155, 789–795.
doi: 10.1016/j.snb.2011.01.049

Rillahan, C. D., and Paulson, J. C.
(2011). Glycan microarrays for
decoding the glycome, annual
Rev. Biochem. 80, 797–823. doi:
10.1146/annurev-biochem-061809-
152236

Sanchez-Pomales, G., and Zangmeister,
R. A. (2011). Recent advances in

electrochemical glycobiosensing.
Int. J. Electrochem. 2011:825790.
doi: 10.4061/2011/825790

Sanji, T., Shiraishi, K., and Tanaka,
M. (2009). Sugar-phosphole oxide
conjugates as “turn-on” lumines-
cent sensors for lectins. ACS Appl.
Mater. Interfaces 1, 270–273.

Sharon, N. (2007). Lectins:
carbohydrate-specific reagents and
biological recognition molecules.
J. Biol. Chem. 282, 2753–2764. doi:
10.1074/JBC.X600004200

Shen, Z., Huang, M., Xiao, C., Zhang,
Y., Zeng, X., and Wang, P. G.
(2007). Nonlabeled quartz crys-
tal microbalance biosensor for
bacterial detection using carbo-
hydrate and lectin recognitions.
Anal. Chem. 79, 2312–2319. doi:
10.1021/ac061986j

Shiraishi, K., Sanji, T., and Tanaka,
M. (2010). A displacement
assay for the sensing of protein
interactions using sugar–
tetraphenylethene conjugates.
Tetrahedron Lett. 51, 6331–6333.
doi: 10.1016/j.tetlet.2010.09.112

Spain, S. G., and Cameron, N. R.
(2011). The binding of polyva-
lent galactosides to the lectin
Ricinus communis agglutinin 120
(RCA120): an ITC and SPR study.
Polym. Chem. 2, 1552–1560. doi:
10.1039/c1py00030f

Stevens, J., Blixt, O., Tumpey, T.
M., Taubenberger, J. K., Paulson,
J. C., and Wilson, I. A. (2006).
Structure and receptor speci-
ficity of the hemagglutinin
from an H5N1 influenza virus.

Science 312, 404–410. doi:
10.1126/science.1124513

Szunerits, S., Niedziolka-Jönsson,
J., Boukherroub, R., Woisel, P.,
Baumann, J. S., and Siriwardena,
A. (2010). Label-free detection of
lectins on carbohydrate-modified
boron-doped diamond surfaces.
Anal. Chem. 82, 8203–8210. doi:
10.1021/ac1016387

Vornholt, W., Hartmann, M.,
and Keusgen, M. (2007). SPR
studies of carbohydrate–lectin
interactions as useful tool for
screening on lectin sources. Biosens.
Bioelectron. 22, 2983–2988. doi:
10.1016/j.bios.2006.12.021

Wilczewski, M., Van der Heyden, A.,
Renaudet, O., Dumy, P., Coche-
Guérente, L., and Labbé, P. (2008).
Promotion of sugar–lectin recog-
nition through the multiple sugar
presentation offered by regiose-
lectively addressable functionalized
templates (RAFT): a QCM-D and
SPR study. Organ. Biomol. Chem. 6,
1114–1122. doi: 10.1039/b716214f

Xi, F., Gao, J., Wang, J., and Wang,
Z. (2011). Discrimination and
detection of bacteria with a
label-free impedimetric biosen-
sor based on self-assembled
lectin monolayer. Journal of
Electroanal. Chem. 656, 252–257.
doi: 10.1016/j.jelechem.2010.10.025

Xu, H., Gorgy, K., Gondran, C., Le
Goff, A., Spinelli, N., Lopez, C.,
et al. (2012). Label-free impedi-
metric thrombin sensor based
on poly(pyrrole-nitrilotriacetic
acid)-aptamer film. Biosens.

Bioelectro. 41, 90–95. doi:
10.1016/j.bios.2012.07.044

Zeng, X., Andrade, C. A. S., Oliveira,
M. D. L., and Sun, X. L. (2012).
Carbohydrate–protein interactions
and their biosensing applica-
tions. Anal. Bioanal. Chem. 402,
3161–3176. doi: 10.1007/s00216-
011-5594-y

Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 25 April 2013; paper pend-
ing published: 12 May 2013; accepted:
21 June 2013; published online: 12 July
2013.
Citation: Gondran C, Dubois M-P, Fort
S and Cosnier S. (2013) Electrogenerated
poly(pyrrole-lactosyl) and poly(pyrrole-
3’-sialyllactosyl) interfaces: toward
the impedimetric detection of lectins.
Front. Chem. 1:10. doi: 10.3389/fchem.
2013.00010
This article was submitted to Frontiers
in Analytical Chemistry, a specialty of
Frontiers in Chemistry.
Copyright © 2013 Gondran, Dubois,
Fort and Cosnier. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License, which permits use, distribution
and reproduction in other forums, pro-
vided the original authors and source
are credited and subject to any copy-
right notices concerning any third-party
graphics etc.

Frontiers in Chemistry | Analytical Chemistry July 2013 | Volume 1 | Article 10 | 8

http://dx.doi.org/10.3389/fchem.2013.00010
http://dx.doi.org/10.3389/fchem.2013.00010
http://dx.doi.org/10.3389/fchem.2013.00010
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Analytical_Chemistry
http://www.frontiersin.org/Analytical_Chemistry
http://www.frontiersin.org/Analytical_Chemistry/archive

	Electrogenerated poly(pyrrole-lactosyl) and poly(pyrrole-3'-sialyllactosyl) interfaces: toward the impedimetric detection of lectins
	Introduction
	Materials and Methods
	Chemicals
	Electrochemical Instrumentation
	Lectin Assays

	Results and Discussion
	Electrochemical Elaboration and Characterization of Poly(Pyrrole-Lactosyl) and Poly(Pyrrole-3-Sialyllactosyl) Films on Glassy Carbon Electrodes
	Cyclic Voltammetric Characterization of Poly(Pyrrole-Lactosyl)/PNA and Poly(Pyrrole-3-Sialyllactosyl)/MMA Interfaces
	Permeabilities of Poly(Pyrrole-Lactosyl)/PNA and Poly(Pyrrole-3-Sialyllactosyl)/MMA Interfaces
	Electrochemical Impedimetric Characterization of Poly(Pyrrole-Lactosyl)/PNA and Poly(Pyrrole-3-Sialyllactosyl)/MMA Interfaces

	Conclusion
	Acknowledgments
	References


