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A new  concept  based  on  the  inter-
action  between  MWCNTs  and  TCNQ
was  developed.
Synergistic effect  of  MWCNT  and
TCNQ  allow  thiocholine  detection
with  high  sensitivity.
Low  detection  limit  of 7 ppt for
paraoxon-methyl  and  0.1 ppb  for
chlorpyrifos,  respectively.
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a  b  s  t  r  a  c  t

A  new,  simple  and  effective  amperometric  acetylcholinesterase  biosensor  was developed
using  screen-printed  carbon  electrodes  modified  with  carbon  nanotubes  (MWCNTs)–7,7,8,8-
tetracyanoquinodimethane  (TCNQ).  The  design  of  the biosensor  was  based  on  the  supramolecular
arrangement  resulted  from  the interaction  of  MWCNTs  and  TCNQ.  This  arrangement  was  confirmed
by  spectroscopic  and  electrochemical  techniques.  Two different  supramolecular  arrangements  were
proposed based  on  different  MWCNTs:TCNQ  ratios.  The  synergistic  effect  of MWCNTs  and  TCNQ  was,  for
eywords:
arbon nanotube
CNQ
cetylcholinesterase
upramolecular arrangement
creen printed electrode

the  first  time,  exploited  for detection  of  thiocholine  at low  potential  with  high  sensitivity.  The  biosensor
developed  by immobilization  of  acetylcholinesterase  (AChE)  in  sol–gel  allowed  the detection  of  two
reference  AChE  inhibitors,  paraoxon-methyl  and  chlorpyrifos  with  detection  limits  of  30  pM  (7  ppt)  and
0.4 nM  (0.1 ppb),  respectively.  Efficient  enzyme  reactivation  was  obtained  by  using obidoxime.

© 2012 Elsevier B.V. All rights reserved.

iosensor

. Introduction

Pesticide residues represent a major concern due to their

igh toxicity toward humans and animals and therefore a fast
etection at low concentrations is of great importance [1].  To
olve this problem several methods have already been proposed
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including electrochemical biosensors [2,3]. The biosensors for pes-
ticide detection have the advantage of a high sensitivity and could
be easily integrated in portable devices offering the possibility of
on site measurements. The poisoning effect of organophosphate
and carbamate pesticides is based on the inhibition of the acetyl-
cholinesterase (AChE) by phosphorylation or carbamoylation of the
active site [2].  The enzymatically generated thiocholine (TCh) is
an electro-active compound, which can serve as an indicator to

reflect the inhibition effect of pesticides. On unmodified carbon-
based electrodes, TCh is oxidized at a potential as high as +700 mV
vs. Ag/AgCl. Such a high value leads to a high background cur-
rent and can cause interferences from other electroactive species

dx.doi.org/10.1016/j.aca.2012.08.045
http://www.sciencedirect.com/science/journal/00032670
http://www.elsevier.com/locate/aca
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resent in the sample. In order to reduce the oxidation potential
f TCh, various mediators were already reported in the litera-
ure, such as potassium ferrocyanide [4],  cobalt phthalocyanine
CoPC) [5],  Prussian blue [6],  cobalt hexacyanoferrate [7]. Highly
onductive nanomaterials such as carbon nanotubes (CNTs), were
lso reported to decrease the TCh oxidation potential [8,9]. The
se of immobilized multi-walled carbon nanotubes (MWCNTs)
nd AChE in polyelectrolyte multilayers has reduced the work-
ng potential to +150 mV  vs. Ag/AgCl [8].  Also, mixtures of CNTs
nd imidazolium-based ionic liquids allowed detection of TCh at
50 mV  vs. Ag/AgCl, with high sensitivity and detection limits
etween 0.05 and 0.08 mM TCh [10]. The sensors were further used
or the detection of chlorpyrifos with a detection limit of 4 nM [11].

The discovery of the highly conducting 7,7,8,8-tetracyano-
uinodimethane (TCNQ) paramagnetic salt constituted an impor-
ant advancement in the development of biosensors based on AChE
nhibitions [12]. Thus, several groups have used TCNQ together

ith various types of carbonaceous materials obtaining a signifi-
ant signal enhancement for the oxidation of TCh compared with
he unmodified electrodes [13–15].  However, studies on CNTs and
CNQ were scarcely reported, and they refer only to spectroscopic
haracterizations [12,16].

The CNTs modification with TCNQ can be made in different ways.
oth doping and deposition can be envisaged as possible routes. The
ain advantage of noncovalent adsorption (physisorption) over

ovalent one (chemisorption) is that the former may  modify the
lectronic properties of CNTs in a sizable way. However, it does not
rastically change its atomic structure. Noncovalent adsorption is,

n principle, easily reversible.
Since there are no chemical bonds between the adsorbed

olecule and the CNTs, the chemical and mechanical proper-
ies of CNTs are only weakly perturbed [17]. Not only density
unctional theory and semi-empirical methods [18] but also Ab
nitio calculations demonstrated that bridge configurations repre-
ent the energetically most favorable physisorbed structures. The
CNQ–CNTs binding energy increases as a function of the nanotube
adius. In accordance to this model, encapsulated systems exhib-
ted similar binding energies [19]. The electronic charge transfers
lways occurs from the CNTs toward the molecule, being propor-
ional to the TCNQ–CNTs binding energy [17]. Similar conclusions
ere achieved using density functional theory and semi-empirical
ethods [18]. Raman investigations provided evidence for this type

f interaction [12]. X-ray photoelectron spectroscopy and near-
nfrared data have also been reported for the same purpose [16].

The biosensor analytical performance could be dramatically
ffected by the AChE immobilization procedure. Results using var-
ous immobilization methods: direct adsorption [20], cross-linking
n chitosan–MWCNTs composite via glutaraldeyde [21] mixing the
nzyme in polymers [22] or MWCNTs/sol–gel route [23] confirmed
his fact.

This study aimed to investigate MWCNTs–TCNQ as elec-
rode materials for the (bio)sensors development. Spectroscopic
nvestigations were carried out in order to identify the interac-
ions between TCNQ and MWCNTs. Electrochemical experiments
llowed us to characterize and optimize the TCh sensor. In
rder to stabilize the catalytic activity of the AChE and prevents
nzyme leaching a sol–gel network was selected for immobiliza-
ion. Paraoxon-methyl and chlorpyrifos were selected as reference
esticide for testing the biosensor.

. Experimental
.1. Materials and reagents

Acetylcholinesterase (from electric eel, 425.94 IU mg−1)
cetylthiocholine chloride (ATCh, purity ≥ 99%), multiwalled
ca Acta 748 (2012) 81– 88

carbon nanotubes (purity ≥ 95%, outside diameter = 40–60 nm,
inside diameter = 5–10 nm,  length = 0.5–500 �m),  potassium ferri-
cyanide (K3[Fe(CN)6]), potassium ferrocyanide (K4[Fe(CN)6]),
potassium chloride, sodium phosphate dibasic, potassium
phosphate monobasic, 7,7,8,8-tetracyanoquinodimethane
(TCNQ), Nafion (∼5% in a mixture of lower aliphatic alco-
hols and water), obidoxime (1,1′-[oxybis(methylene)]bis
4-[(E)-(hydroxyimino)methyl]pyridinium), acetonitrile (ACN,
purity ≥ 99.9%), tetramethoxysilane (TMOS), methyltrimethoxysi-
lane (MTMOS), polyethylene glycol (PEG600) were purchased from
Sigma–Aldrich. Paraoxon-methyl (O,O-dimethyl O-(4-nitrophenyl)
phosphate, purity ≥ 96%) was  purchased from Fluka and chlorpyri-
fos (O,O-diethyl-O-3,5,6-trichloro-2-pyridyl phosphorothioate,
purity ≥ 99.9%) was  purchased from Riedel-de Haën. The phos-
phate buffer (PBS) solution 0.1 M,  containing 0.1 M KCl, and the
0.1 M ATCh stock solution were prepared in ultrapure water. The
AChE stock solution (66 IU mL−1) was prepared in 0.1 M PBS, pH
8. The paraoxon-methyl and chlorpyrifos dilutions were each
prepared in ultrapure water from a 10−4 M stock solution prepared
in acetonitrile. The ATCh and pesticide dilutions were prepared
directly from stock solutions prior to their use in measurements.

2.2. Instruments

Cyclic voltammetry, chronoamperometry measurements and
electrochemical impedance spectroscopy (EIS) were carried out
using a potentiostat AUTOLAB PGSTAT-12 (Eco Chemie, Utrecht,
The Netherlands) and the software used to gather data was GPES
4.9. The screen-printed electrodes (SPE, Dropsens 110) consist of a
three-electrode system having a carbon working electrode (4 mm
diameter), a silver pseudo-reference electrode and a carbon counter
electrode. Before each experiment a film of silver chloride on the
silver pseudo-reference electrode was  electrochemically deposited
from a phosphate buffer solution in the presence of 0.1 M KCl,
according to procedure reported by Arduini [24]. All experiments
were carried out at room temperature (22 ◦C), using a 10 mL  cell.
Raman spectra were recorded using a Horiba Jobin Yvon-Labram
HR spectrophotometer. DR-UV–vis spectra were recorded with
Analytik Jena Specord 250 spectrophotometer. Elemental analysis
was performed with EuroEA 3000 elemental analyzer (Euro Vector
Instruments, Italy).

2.3. Modification of the screen-printed electrodes

Before any modification the SPEs were electrochemically pre-
treated by application of a potential of 1200 mV in sulfuric acid
0.1 M,  for 2 min. Three types of screen-printed modified electrodes
were prepared: SPEs modified with MWCNTs (MWCNTs/SPE),
SPEs modified with TCNQ (TCNQ/SPE) and SPEs modified with
MWCNTs–TCNQ (MWCNTs–TCNQ/SPE). For TCNQ/SPE, a 1 mM
TCNQ solution was prepared in acetonitrile (solution A). In the
case of MWCNTs/SPE and MWCNTs–TCNQ/SPE, 2 mg of MWCNTs
were suspended in 100 �L acetonitrile (solution B), respectively in
100 �L TCNQ 1 mM (solution C), by sonication for 45 min  in a 0.5 mL
tube. A volume of 5 �L solution A, B or C were mixed with 45 �L
ACN then, 5 �L from each mixture were casted on the working elec-
trodes and left overnight to dry at 4 ◦C in a desiccator. TCNQ loading
was 0.8 �g cm−2 for TCNQ/SPE and MWCNTs–TCNQ/SPE. In order
to avoid the TCNQ leaching, Nafion was used only for preparation
of TCh sensors. Modified electrodes with Nafion were prepared in
a similar manner by replacing the ACN with Nafion (5%).
2.4. Preparation of the biosensors

The sol–gel matrix for AChE immobilization was prepared
according to a method reported earlier [11] by mixing 100 �L TMOS
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ig. 1. (A) DR-UV–vis spectra of TCNQ (a), MWCNTs (b), MWCNTs–TCNQ 1 mM (c)
f).  (B) Raman spectra of TCNQ (a), MWCNTs–TCNQ 100 mM (b), and MWCNTs–TCN

nd 100 �L MTMOS  with 400 �L of ultrapure water, 440 �L of HCl
 mM and 40 �L PEG600. The AChE solution was mixed with sol–gel

n a ratio of 50:50 (v) and 5 �L of this mixture was  dropped on
he SPEs. 17 m IU AChE was immobilized on the surface of the
lectrode according to previously optimized protocol [11]. The
nzymatic activity was determined by the spectrophotometric Ell-
an  method. The biosensor was left to dry 3–4 h at 4 ◦C and stored

n phosphate buffer pH = 8 at 4 ◦C.

.5. Amperometric and inhibition measurements

The biosensor was placed into 5 mL  PBS solution and a poten-
ial of +150 mV  was applied. After stabilization of the current,
he acetylthiocholine solution was injected and the steady-state
urrent was recorded. Between measurements the biosensor was
ashed with distilled water and PBS. For the inhibition measure-
ent, the AChE biosensor was incubated with pesticide solution

nd the TCh oxidation current was measured at the same substrate
oncentration.

The degree of inhibition (I%) was calculated according to the
ormula:

nhibition (%) = i0 − iI
i0

× 100 (1)

here i0 and iI are the currents of thiocholine oxidation measured
rior to and after the contact of the biosensor with inhibitor, respec-
ively.

After the biosensor was exposed to the pesticide solution
 regeneration step was performed by immersion in a 5 mM
bidoxime solution. The regeneration degree was  estimated as fol-
ow:

egeneration (%) = iR − iI
i0 − iI

× 100 (2)

here iR is the current recorded after reactivation with obidoxime,
0, iI are the currents recorded without and with pesticide inhibi-
ion, respectively.

The biosensor was further washed twice with ultrapure water
nd then with PBS to completely remove the obidoxime from the
iocatalytical layer.

.6. DR-UV–vis and Raman measurements
The DR-UV–vis and Raman spectra for pure TCNQ powder and
ixtures of MWCNTs and TCNQ 1, 10, 100 and 200 mM were

ecorded. Raman spectra were recorded at room temperature
NTs–TCNQ 10 mM (d), MWCNTs–TCNQ 100 mM (e), and MWCNTs–TCNQ 200 mM
 mM (c).

under 688 nm excitation wavelength. Each mixture was prepared
as it was  described in Section 2.3.  Before analysis the mixtures
were left to dry overnight at room temperature in a desiccator. DR-
UV–vis spectra were recorded using the solid substances mixed
with silica.

3. Results and discussion

3.1. Spectroscopic characterization

The TCNQ DR-UV–vis spectrum exhibits absorption peaks at
388 nm attributed to the neutral TCNQ molecule and at 454, 732,
748 and 826 nm, with a lower intensity, attributed to the radical
anion (TCNQ•−) (Fig. 1A) [25]. The intensity of the bands assigned
to the radical ion species is very low in the absence of structures
that can allow an electron transfer. Spectra previously reported in
acetonitrile also present three absorption bands with maximum
at 420, 745 and 840 nm [25]. A very specific characteristic of the
MWCNTs–TCNQ 1 mM spectrum is the fact that the band from
454 nm assigned to the radical ion state disappears. This is the
result of direct interaction between the CN groups and the aromatic
nucleus of CNTs. Consequently this entitles us to assert the forma-
tion of the supramolecular arrangement MWCNTs–TCNQ. The peak
from 388 nm is also shifted to 393 nm indicating a modification of
the neutral form of the mediator due to the interaction with carbon
nanotubes.

For the MWCNTs–TCNQ, the band at 454 nm was  visible as a
weakly prominent shoulder only for 200 mM TCNQ. This indicates
that, only at a higher concentration of TCNQ, part of the mediator
molecules remained in a native state. The peak from 388 nm reap-
pears for concentration higher than 10 mM indicating that some
TCNQ molecules were in a neutral form. These spectra also sug-
gest a limited number of superficial sites that can bond the TCNQ
molecules.

The direct interaction of TCNQ with MWCNTs was also con-
firmed by the Raman spectra (Fig. 1B). Pure TCNQ spectra
exhibits stretching vibration modes of C Cw at 1453 cm−1, C Cr at
1599 cm−1, and C N at 2225 cm−1, and a C H bending-vibration
mode at 1205 cm−1 (“r” stands for ring and “w” for wing).
MWCNTs–TCNQ 100 mM shows a shift of the CN vibration at
2221 cm−1 that may  account for an interaction of the CN groups

with the MWCNTs. The shift of the band assigned to the CN group
disappears in the case of MWCNTs–TCNQ 200 mM,  but a new
shift of the bands assigned to C Cw and C Cr has been observed.
These can be explained by an electron transfer that occurs between
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ments.
The appearance of the second oxidation peak for TCh at higher

concentration of TCNQ corresponds to the presence of the native
TCNQ molecule revealed by DR-UV–vis spectra. One can conclude
Fig. 2. Supramolecular organization of MWCNTs–TCNQ at (A) low con

WCNTs and the ionized TCNQ molecules [12]. The shift from 1599
o 1597 cm−1 corresponds to an interaction between the ring of the

olecule and the CNTs surface. Recent studies by Veiga and Miwa
17] showed through Ab initio calculations that TCNQ–CNTs sys-
ems can be stabilized by �–� interactions between the adsorbed
CNQ molecule and the carbon rings of the CNTs structure. The
laims of Veiga and Miwa are in accordance with our results
btained at high TCNQ concentrations.

Corroborating the spectral results one can conclude that mix-
ng of MWCNTs with TCNQ leads to two different supramolecular
onfigurations as it is suggested in Fig. 2. One can observe that
he proposed architecture depends on the TCNQ concentration.
he DR-UV–vis and Raman spectroscopy data suggest a different
rrangement for low TCNQ concentrations (Fig. 2A) than that for

 high TCNQ loading (Fig. 2B). TCNQ molecules have two  major
oles: they serve as pillars for the MWCNTs and function as elec-
ron acceptors for the oxidation of TCh. This property was  further
xploited in the construction of the TCh sensors.

.2. Cyclic voltammetry studies

In order to test the effectiveness of the MWCNTs–TCNQ on
he oxidation of thiocholine three different types of SPEs were
repared, MWCNTs/SPE, TCNQ/SPE and MWCNTs–TCNQ/SPE were

nvestigated in cyclic voltammetry experiments performed on
he potential range from −400 to +800 mV,  with a scan rate of
00 mV  s−1. Fig. 3 shows the cyclic voltammograms recorded with

 solution of TCh 5 mM in PBS for the modified electrodes and bare
PE. One can observe that the oxidation potential for TCh varied
epending on the sensor use, decreasing from +700 (bare SPE)
o +450 mV  (MWCNTs/SPE), +300 mV  (TCNQ/SPE) and +150 mV
MWCNTs–TCNQ/SPE). Moreover, one can observe that the remark-
ble decrease in the necessary overpotential for effective oxidation
f TCh on MWCNTs–TCNQ/SPE is accompanied by a significant
ncrease of oxidation current. This was attributed to an enhance-

ent of electron transfer provided by synergistic effect between
CNQ and MWCNTs. The electrocatalytic effect of MWCNTs–TCNQ
oward TCh oxidation was further used for improving the AChE
ased biosensor.

The TCNQ amount in the mixture was optimized with respect

o a high and stable electrochemical signal for TCh detection.
CNQ concentration was varied between 0.1 and 50 mM and
he amount of MWCNTs was maintained constant. Generally,
he current increases with the TCNQ concentration, but a high
tion of TCNQ (<1 mM)  and (B) high concentration of TCNQ (>10 mM).

amount of TCNQ affected the stability of the modified sensor. For
MWCNTs–TCNQ/SPEs with TCNQ 50 mM the signal decreased by
20% after 15 scans. On the other hand, two oxidation peaks were
observed at higher amount of TCNQ. One could be attributed to the
MWCNTs–TCNQ and the other to the free or weakly bound TCNQ.
The second peak is similar to the one observed for the TCNQ/SPEs
sensor. That proves the existence of an interaction between TCNQ
and MWCNTs and the formation of supramolecular structure with
different electrochemical properties depending on the concentra-
tion of the TCNQ. The stable electrochemical signal recorded for
TCh oxidation with MWCNTs–TCNQ/SPE prepared with 1 mM TCNQ
could be attributed to the structure presented in Fig. 2A. Increasing
the amount of the TCNQ leads to a change of the supramolecular
arrangement corresponding to that presented in Fig. 2B. A more or
less weak interaction with MWCNTs or even free TCNQ molecules
could be found at even higher amounts of mediator added into the
mixture. We  observed that for concentrations of TCNQ higher than
1 mM,  the sensor signal for MWCNTs–TCNQ was  not stable. This
can be attributed to the fact that at concentrations above 1 mM the
TCNQ diffuses into the solution during electrochemical measure-
Fig. 3. Cyclic voltammogram of the bare SPE (a), MWCNTs/SPE (b), TCNQ/SPE (c)
and  MWCNTs–TCNQ/SPE (d) in TCh 5 mM (SR = 100 mV s−1, pH = 8).
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ig. 4. (A) Chronoamperograms using MWCNTs–TCNQ/SPE electrode in absence (a),
s. t1/2 derived from chronoamperometric data for TCh 5 mM (d) and buffer (a). (B) 

hat the electrochemical results confirm the spectroscopic data pre-
ented in the previous section.

The MWCNT–TCNQ (1 mM)  modified electrode gave repro-
ucible values for oxidation peak and current for 15 successive
cans. It was considered a good compromise between a high and
table signal and it was used further for all experiments.

The elemental analysis based on nitrogen content was  per-
ormed in order to study the stability of MWCNT–TCNQ (1 mM).

 content of 0.331% N was determined in MWCNT–TCNQ pre-
ared by sonication and evaporation of solvent and 0.314% N in
WCNT–TCNQ prepared by sonication, separation of the solid

hase by centrifugation and washing with PBS and distilled water.
hese results correspond to the TCNQ content of 1.205% and 1.140%,
espectively, and confirm a good stability of the MWCNT–TCNQ
1 mM)  in the working conditions.

According to the MWCNTs supplier analysis the content in
morphous carbon is around 2%. We  do not expect that this car-
on will be organized by TCNQ in a way similar to MWCNTs. The

ow content of this type of carbon will generate only a small pertur-
ation in the properties of the supramolecular arrangement. Also,
he oxidation potential of the TCh at the surface of MWCNT–TCNQ

odified electrode (+150 mV)  is clearly lower than the oxidation
otential observed for MWCNT modified electrode (+300 mV). No
esponse of TCh could be recorded for the bare SPE at +150 mV  (see
ig. 3A). That shows that amorphous carbon has no influence on
he electrochemical behavior of the electrode.

The effect of pH on the oxidation peak of TCh was investigated
sing a solution of TCh 5 mM.  In the range of pH between 5 and 9
o significant changes of the peak potential were observed. It was
oncluded that the pH does not affect the sensor response in the
orking range around pH 8.

.3. Amperometric measurements

Chronoamperometric experiments on MWCNTs–TCNQ/SPE
ere performed with different TCh concentrations (1, 2 and 5 mM)

n PBS by polarizing the working electrode at +150 mV  vs. pseudo-

eference Ag electrode and the recorded chronoamperograms are
resented in Fig. 4A. The catalytic rate constant and diffusion coeffi-
ient were calculated for two types of electrodes with and without
afion membrane.
 the presence of TCh 1 mM (b), 2 mM (c), 5 mM (d) (PBS, pH = 8). Inset: plot icat/ibuffer

 segments of the plot i vs. t−1/2 for TCh 1 mM (b), 2 mM (c) and 5 mM (d).

The equation:

icat

ibuffer
= �1/2(kcat C t)1/2 (3)

was used to calculate the catalytic rate constant kcat, where icat and
ibuffer are the currents in the presence and in the absence of TCh,
C represents the TCh concentration and t is the time in second.
The plot icat/ibuffer vs. t1/2 for TCh 5 mM showed a linear depend-
ence and the rate constant was calculated from the slope (inset,
Fig. 4A). The value calculated for the electrode without Nafion
was 3402 L mol−1 s−1 whilst for the electrode covered with Nafion
the rate constant was 167 L mol−1 s−1. The higher value represents
a higher catalytic rate constant compared with other mediator
modified sensor [7] That reveals the fact that the MWCNTs–TCNQ
presents excellent electrocatalytical properties toward thiocholine
oxidation. However, comparing with ionic liquid-CNTs modified
sensors this value is smaller [10]. Despite the fact that Nafion sta-
bilizes the electrode surface, it represents a barrier for TCh diffusion
and consequently it was  not used for further development of the
pesticide biosensor.

Chronoamperometric measurements were done to estimate the
thiocholine diffusion coefficient (D) based on Cottrel equation [10]:

i = nFAD1/2C

�1/2t1/2
(4)

The linear parts of the plots of i vs. t−1/2 (Fig. 4B) were used
to calculate the slope for each TCh concentration. The diffusion
coefficient of 4.8 × 10−7 cm2 s−1 was determined from the plot
(I × t1/2) vs. CTch for the electrode without Nafion, while a value
of 6 × 10−8 cm2 s−1 was determined for the electrode with Nafion.
These results confirm the fact that the presence of the Nafion mem-
brane represents a barrier for the analyte.

A typical calibration curve was  obtained for
MWCNTs–TCNQ/SPE and Nafion by successive additions of
TCh in the concentration range between 0.05 and 10 mM TCh. A
linear response was  recorded in the range 0.05–0.6 mM TCh with a

sensitivity of 45 �A mM−1 cm−2 and a detection limit of 28 �M.  A
slightly higher detection limit and a narrower linear range for TCh
were achieved with a system based on SPE modified with SWCNTs
functionalized with cobalt phtalocyanine [26].
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Fig. 5. Nyquist plots for the MWCNTs/SPE (�), TCNQ/SPE (�) and
MWCNTs–TCNQ/SPE (�) in the presence of 5 mM Fe(CN)6
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using a semi-logarithmic representation. The results are shown in
uency range 0.01 kHz–1 MHz, perturbation signal of 5 mV,  OCP). Inset: Nyquist
lots MWCNTs–TCNQ/SPE with (©) and without (�) Nafion.

.4. Electrochemical impedance spectroscopy characterization

The electrochemical properties of the MWCNTs–TCNQ were also
ested using the EIS technique. A negatively charged redox cou-
le Fe(CN)6

3−/Fe(CN)6
4− was used, corresponding to the charge of

hiocholine in the experimental condition (pH = 8). The electron-
ransfer resistance (noted Ret) is a parameter that depends on the
ielectric and insulating properties at the interface. Its value gives

nformation about the electron transfer kinetic at the interface elec-
rode/electrolyte solution. Fig. 5 shows the Nyquist plots of the
ouple Fe(CN)6

3−/Fe(CN)6
4− at the TCNQ/SPE (a), MWCNTs/SPE (b)

nd MWCNTs–TCNQ (c) electrodes. The plot reveals a semicircular
art at high frequencies and a linear part at low frequencies. The
rst part corresponds to an electron transfer process and the second
ne to a diffusion process. The Randles circuit was chosen to fit the
mpedance data plots. No significant differences in Ret values were
bserved among three types of electrodes as follow: 214 ± 3 � for
CNQ/SPE, 268 ± 4 � for MWCNTs/SPE and 238 ± 3 � in the case of
WCNTs–TCNQ/SPE (each value represents the mean for 3 repli-

ates). A different behavior is observed at lower frequencies where
CNQ/SPE showed a significant increase of the impedance, while
WCNTs, due to its high conductivity and active surface, favors

he electrochemical process. The MWCNTs–TCNQ exhibits proper-
ies that lie between the two components: TCNQ and MWCNTs.
he active surface of the MWCNTs–TCNQ is probably smaller due
o the formation of the supramolecular structure, determined by
he TCNQ “bridges”. Despite the high conductivity of the TCNQ

olecules, they partially block the MWCNTs surface and hinder
he interaction with the electrochemical mediator.

The insert of Fig. 5 shows a comparison between the Nyquist
lots for SPEs modified with the MWCNTs–TCNQ in the pres-
nce and in the absence of Nafion. For the interpretation of
he impedance spectra in the low frequency range, the diffu-
ion of the redox probes has to be considered. The presence
f Nafion as a protective layer for the immobilization of the
WCNTs–TCNQ has a negative effect on the electrochemical pro-

ess. Due to the presence of negatively charged sulfonic groups,
t does not favor the interaction of the electrode with negatively
harged species like Fe(CN)6

3−/Fe(CN)6
4− or TCh (pH = 8). More-

ver, Fe(CN)6
3−/Fe(CN)6

4− are very large ions and the diffusion

rocess becomes limitative. EIS and chronamperometric studies
onverge to the conclusion that a higher sensitivity toward TCh
ill be obtained without Nafion.
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3.5. Biosensor calibration for ATCh

The easiest way  to immobilize AChE is to mix  it directly with the
MWCNTs–TCNQ and finally to depose the mixture on the electrode
surface with or without Nafion. The fact that the carbon materials
could partially adsorb the enzyme and the reactivator cannot reach
the enzyme catalytic site is a main disadvantage of this approach.
A full recovery of the AChE activity could not be achieved in
these conditions, especially for a large reactivator molecule such as
obidoxime. The deposition of the biocatalytical layer based on AChE
in sol–gel was considered to stabilize the electrode surface. Taking
into consideration the negative effect of Nafion proven by our previ-
ous EIS and chronoamperometric measurements, the construction
of the biosensor was realized on the MWCNTs–TCNQ modified elec-
trodes without Nafion. The good stability of the biosensor response
makes us conclude that the sol–gel matrix prevents the loss of the
MWCNTs–TCNQ from the electrode surface and the use of Nafion
was not considered necessary anymore.

The enzymatic hydrolysis of ATCh was studied by amper-
ometric measurements at a working potential of +150 mV  by
successive additions of ATCh in PBS. The thiocholine sensors were
tested at concentrations in the range 0.1–10 mM ATCh. A very fast
response of 15 s was  observed, which indicates the absence of
any diffusional limitation toward the enzymatic reaction. A typi-
cal Michaelis–Menten process is confirmed by the linear increase
of the amperometric response until 8 mM ATCh and then reach-
ing a plateau. Pesticide detection is performed by determining the
enzyme activity before and after incubation with the inhibitor. To
determine the enzyme activity, an excess of substrate is necessary
in order to ensure a saturation of the enzyme catalytic sites. A
concentration of 10 mM ATCh, which ensures enzyme saturation
with substrate, was  taken into consideration for further devel-
opment of the pesticide biosensor. Reproducibility of analytical
signal recorded in the presence of 10 mM ATCh was tested with
5 different biosensors from the same batch. A good reproducibil-
ity (RSD%), equal to 6% was  obtained. Biosensors were stored at
4 ◦C in a buffer solution in order to preserve the enzyme activity
immobilized in sol–gel matrix [11]. The signal reaches 96% from
the initial value after 1 week, indicating a good stability of the AChE
biosensor.

3.6. AChE biosensor. Proof of the concept

Paraoxon-methyl and chlorpyrifos were used as reference
inhibitors for biosensor testing. Both are organo-phosphorous pes-
ticides, paraoxon-methyl being recognized as a strong inhibitor,
while chlorpyrifos as a weak one. Inhibition experiments on
paraoxon-methyl 10−9 M were performed in order to optimize
the incubation time (5–30 min). The inhibition degree increases
with the incubation time from 15% to 64%. Paraoxon-methyl is a
strong AChE inhibitor and for a longer incubation time, a perma-
nent enzyme inhibition may  occur by a dealkylation reaction (so
called “aging” process). This affects the regeneration process and
the ability of the biosensor to be reused. A longer inhibition time
could be used only in the case of disposable AChE biosensors if it
really brings an improvement of the sensitivity and a decrease of
the detection limit. A shorter inhibition time is a requirement for a
fast analysis of the pesticides. The calibration curves of paraoxon-
methyl and chlorpyrifos were obtained after a 30 min  incubation
period. For each concentration, 5 replicates were obtained and
the mean value of the inhibition degree was represented against
the pesticide concentration. The calibration curves were linearized
Table 1.
The relative standard deviation of intra-assay and inter-assay

were found to be 3.2% and 2.5%, respectively, in the case of
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Table 1
Pesticide detection with AChE biosensors based on MWCNT–TCNQ/SPE; I% = a + b × log Cpesticide (M)  (incubation time = 30 min).

Pesticide a b R Conc. range (nM) LODa

pM ppt

Paraoxon-methyl 195 ± 12 17.6 ± 1.3 0.9722 0.1–500 30 7
Chlorpyrifos 258.2 ± 5.6 26.50 ± 0.70 0.9958 1–100 430 100

a I = 10%.

Table 2
Real samples analysis: spiked tap water.

Pesticide Pesticide added (nM) Inhibition degree (%) Recoveryb (%)

Standard solution Spiked tap watera

Paraoxon-methyl 1 37 36 ± 4 97.3
10 55 52 ± 5 94.5
50  67 64 ± 2 95.5

Chlorpyrifos 5 38 33 ± 2 86.8
10  46 42 ± 4 91.3
50  65 61 ± 3 93.8
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a n = 3.
b Calculated for the mean value of the inhibition degree of the spiked samples.

araoxon-methyl 10−1 M (n = 5) indicating a good reproducibility.
alues of 3.5% and 3% were found for intra-assay and inter-assay
SD, respectively in the case of chlorpyrifos 10−9 M (n = 5).

The detection limit was calculated to be 30 pM (7 ppt) for
araoxon-methyl and 0.4 nM (0.1 ppb) for chlorpyrifos for an inhi-
ition degree of 10%. This is one of the lowest detection limits
eported for paraoxon-methyl using electrochemical biosensors
ased on commercial AChE taking into account that usually LOD
f about ppb are reported [24,27]. Other biosensors based on SPEs
odified with MWCNTs showed a LOD of 0.15 ppb for the same

ncubation period of 30 min  [28], while the use of CNTs in combi-
ation with AChE entrapped in polyelectrolyte multilayers made
ossible a LOD of only 0.1 ppb paraoxon [8].  There are also other
iosensors that have reported LOD lower than ppt, but these are
ither multi-layers and bi-enzyme systems [29] or are based on
ffinity interaction and piezoelectric detection [30].

The detection limit for chlorpyrifos achieved by us is similar
o others reported in the literature [31,32]. Regeneration of the
iosensor was realized with obidoxime as previously reported [11].
n optimization of the regeneration time and concentration was
erformed in the conditions of a relatively high incubation time
ith pesticide and use of a stronger AChE inhibitor-paraoxon-
ethyl. An incubation time of 15 min  with obidoxime 5 mM was

onsidered optimal to achieve complete regeneration for all range
f concentrations of tested pesticide. In this sense, after the inhibi-
ion measurement, the biosensor was immediately immersed into
he obidoxime solution and, after 15 min, washed twice with ultra-
ure water and finally with a buffer solution. This is necessary
ecause traces of obidoxime in the sol–gel layer could have undesir-
ble effects for further measurements [11]. The reproducibility of
he inhibition was tested on paraoxon-methyl 10−9 M and chlor-
yrifos 10−8 M.  For 5 successive inhibition–regeneration cycles
n the same biosensors, a reproducibility of 7% was  achieved for
araoxon-methyl and 10% for chlorpyrifos, respectively, showing a
ood reproducibility of the inhibition determination.

Spiked samples of tap water were analyzed in order to test
he biosensor accuracy. Tap water sample analysis leads to an
nhibition degree below the detection limit (3.4%). Further, the inhi-
ition tests were performed in standard pesticide solutions and by

dding different amounts of paraoxon-methyl and chlorpyrifos in
ap water samples. Spiked water samples with paraoxon-methyl
oncentrations of 1, 10 and 50 nM,  respectively with chlorpyrifos
, 10 and 50 nM were analyzed.
Experimental results presented in Table 2 show the inhibition
degree for spiked samples and standard solutions. The inhibition
degrees were in good correlation with those produced by standard
solutions and indicated a good accuracy of the biosensor. The per-
centage of the recovery calculated as the ratio between inhibition
degree of spiked sample and standard solution, respectively was
smaller than 100% for both pesticides.

4. Conclusions

The proposed work illustrated that TCNQ and MWCNTs can
interact in different ways and form supramolecular arrangements
with enhanced electrochemical properties which were exploited
in biosensors development. The DR-UV–vis and Raman spec-
troscopy studies allowed us to propose two different arrangements
depending on the amount of TCNQ and to predict the electrochem-
ical behavior of the MWCNT–TCNQ modified sensors. From the
two proposed supramolecular arrangements, only MWCNT–TCNQ
(1 mM)/SPE led to a sensitive, stable and reproducible response
of the TCh sensor. Enhanced electrocatalytical activity of the
MWCNTs–TCNQ is related to the distribution of TCNQ molecules
between or along the CNTs and/or additional electrostatic interac-
tions that stabilize the mediator in the MWCNT–TCNQ [16].

The lower mechanical stability of the modified SPEs was
improved by the use of Nafion just for the characterization of
the TCh sensor. Nafion stabilizes the surface of the electrode and
minimizes the loss of the MWCNT–TCNQ from the electrode sur-
face but has a negative effect on the electrocatalytical properties
toward TCh. A better sensitivity and a larger linear range for thio-
choline was achieved compared with a system based on covalent
attachment of the mediator (CoPC) on the surface of SWCNTs [26].
The newly proposed concept represents a simple and reliable way
to develop a highly sensitive and stable biosensor for detection
of AChE inhibitors based on MWCNTs–TCNQ modified SPE. TCNQ
as well as MWCNTs were previously used separately for these
types of biosensors but this is the first report about the use of
MWCNTs–TCNQ to decrease the overpotential of thiocholine oxi-
dation and to monitor the AChE activity.

Although the length of the MWCNTs is different, TCNQ acts

as a linker for MWCNTs generating supramolecular arrangements
and also diminishes the effects that can be generated by indi-
vidual entities. The nanotubes length had little relevance toward
supramolecular arrangement from Fig. 2A compared with the outer
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iameter of the nanotubes, for a given mass loading, since the
nteractions between TCNQ and MWCNTs are realized on the outer
urface of the CNTs. Moreover, sonication of the MWCNT with TCNQ
olution is expected to lead to the cutting of the MWCNTs into
horter fragments thus reducing the differences in the length of
he MWCNTs [33].

The immobilization of AChE in sol–gel proved to offer a much
ower detection limit for paraoxon-methyl (7 ppt) compared with
ovalent immobilization of the enzyme on the surface of CoPC-
WCNTs/SPE (3 ppb paraoxon) [27]. A fast response, high sensitivity
oward pesticides and efficient reactivation of the enzyme by
bidoxime was achieved with the developed system. Usually, the
se of SPEs are related with the development of disposable biosen-
ors, but in our case, the AChE biosensor can be successfully used
p to 10 times due to its very good reproducibility. The analysis of
he spiked tap water samples confirms the potential of the AChE
iosensor to be used as screening method for sensitive detection of
rganophosphate and carbamate insecticides.

In comparison with other AChE biosensors based on CNTs and/or
ediators, the proposed biosensor based on a MWCNTs–TCNQ

xhibited very high sensitivity, a good reproducibility and stability.
he biosensor construction is very simple and it represents a very
ffordable tool for the analysis of AChE inhibitors such as pesti-
ides, drugs, micotoxins with a broad range of applications in food,
nvironmental and clinical monitoring.
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