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a  b  s  t  r  a  c  t

In this  work,  we  have  proposed  a sensitive  and  selective  detection  technique  for  2-nonylphenol  (2-NP)
based  on  the  differential  pulse  voltammetry  at  a molecularly  imprinted  film  on a  glassy  carbon  electrode
(GCE).  The  imprinted  film  was  immobilised  on the  GCE  by electrodeposition  of  a molecularly  imprinted
polymer  (MIP)  sol–gel  consisting  of a multiwalled  carbon  nanotube  (MWNT)–Nafion  (NF)  composite.  The
modification  procedure  was  characterized  by cyclic  voltammetry  (CV), electrochemical  impedance  spec-
troscopy  (EIS)  and  scanning  electron  microscope  (SEM).  The  recognition  between  MIP sol–gel  film  and
eywords:
mperometric sensor

mprinted sol–gel
ultiwalled carbon nanotubes
afion
-Nonylphenol

target  molecule  was  observed  by measuring  the  change  in DPV response  of  the oxidation-reduction  probe,
K3Fe(CN)6 on  GCE.  Under  optimized  operational  conditions,  a  linear  response  was  obtained  covering  the
concentration  range  from  0.2 to 360  �mol  L −1 with  a detection  limit  of  0.06  �mol  L −1. The  proposed  sen-
sor  was  applied  to  2-NP  determination  in  water  and  soil  samples  with  the recoveries  from  95.4  to  98.1%,
showing  a  promising  potential  application  in  environment  samples.  Additionally,  The  imprinted  sensor
demonstrated  higher  affinity  for  target  2-NP  than  that  of  non-imprinted  polymer  (NIP)  sensor.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Nonylphenol (NP), the main biodegradation of nonylphenol
thoxylates and a toxic xenobiotic compound classified as an envi-
onmental endocrine disrupter, is widely used as a raw material
n industrial activities [1,2]. Due to its high hydrophobicity and
ow degradation rates, NP shows a persistent condition in soil and
ewage sludge [3]. Recently, NP has received a great deal of atten-
ion in environmental protection and its endocrine disrupting effect
n the aquatic environment is particularly well documented [4].

ethods for NP determination have included spectrophotometry
5], solid-phase microextraction procedures [6], high performance
iquid chromatography [7], gas chromatography-mass spectrom-
ter [8] and biosensors [9,10]. Although spectrophotometry and
hromatography have low detection limit and high sensitivity, they
uffer from low selectivity, long analysis time intervals, expensive
nstruments and possible production of secondary toxic com-

ounds [11]. The molecular recognition materials in biosensor,
eanwhile, show intrinsic difficulties in practical applications, due

∗ Corresponding authors. Tel.: +86 851 5816647; fax: +86 851 5816647.
E-mail addresses: jzhang@gznc.edu.cn (J. Zhang), lishijie@vip.gyig.ac.cn (S. Li).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.11.081
to instability of biomolecules. Therefore, a novel and effective mate-
rial for improving stability of sensor was  needed.

Molecularly imprinted polymers (MIPs) have been considered
as promising alternatives to biological molecules and applied as
recognition elements in sensors [12]. Interest in MIP  modified elec-
trodes has surged owing to their high selectivity, chemical stability,
moderate cost and easy preparation [13]. However, they often suf-
fer from drawbacks such as low binding capacity resulting in a
very weak electronic signal, slow binding kinetics leading to long
analysis time and the reported difficulties related to the integra-
tion of the MIP  with the transducer [14]. In order to enhance
the chemosensor response, hybrid materials prepared with MIP
and carbon nanotubes [15,16], enzyme [17] or metal nanoparticle
composites [18,19] have been employed with the same purpose.
Electropolymerization has several advantages over other prepa-
ration procedures of MIP  hybrid materials films. In particular, an
ultrathin polymeric film can be easily grown adherent to a con-
ducting electrode of any shape and with a thickness controlled by
the electrochemical parameters of the deposition [20]. This struc-
ture facilitates direct communication between the MIP film and the

electrode surface, which can meet the sensor requirements of fast
response and miniaturization [21].

Carbon nanotubes, mainly multiwalled carbon nanotubes
(MWNT) with a high surface area, excellent electrical conductivity

dx.doi.org/10.1016/j.snb.2013.11.081
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2013.11.081&domain=pdf
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was dried in air and extracted with absolute ethanol for 1 h.
J. Zhang et al. / Sensors and 

nd good thermal stability [22], have generated considerable inter-
st in electrochemical sensors [23]. A major barrier for developing
WNT-based sensor is the insolubility of MWNT  in many solvents

22]. To overcome this situation, Wang et al. reported on the abil-
ty of the widely used perfluorosulfonated polymer Nafion (NF),

ith unique ion-exchange, biocompatibility and thermal stability,
s well as high conductivity [24], to solubilize MWNT and found
hat MWNT  can be suspended in solutions of Nafion in a phosphate
uffer or alcohol [25]. Sol–gel imprinting process is a promising
ay to improve the performance of MIP  film via forming a sol–gel

norganic framework around a template molecule, which results
n excellent permeability and a uniformly porous structure [26].
n addition, the increased number of active sites on the imprinted
ol–gel film enhanced electrochemical signal compared to a mono-
ayer modified electrode [27].

In this paper, we have developed a molecularly imprinted
lectrochemical sensor for 2-nonylphenol (2-NP) detection utiliz-
ng a MIP  sol–gel film as a recognition element on a MWNT–NF
omposite-coated glassy carbon electrode (GCE). The uniform MIP
ol–gel film with good adherence and abundant cavities was
ormed on the transducer surface via surface electrodeposition.

WNT  were homogeneously dispersed in Nafion film to improve
he MIP  immobilisation and enhance the peak current of K3Fe(CN)6
robe. The electrochemical behavior of K3Fe(CN)6 on the pro-
osed imprinted sensor was investigated by cyclic voltammetry
CV), differential pulse voltammetry (DPV) and electrochemical
mpedance spectroscopy (EIS), respectively. This proposed sen-
or showed excellent sensitivity, selectivity and stability toward
nalyzing 2-NP. The performance characteristics of the designed
ensors were evaluated and the determination of 2-NP was inves-
igated in details.

. Experimental

.1. Reagents and solutions

2-NP, p-tert-octylpheno (PTOP), bisphnol A (BPA), phenol (PL)
ere obtained from Alfa Aesar Chemistry Co., Ltd. (Tianjing, China).

-Aminopropyl triethoxysilane (APTES), phenyltrimethoxysilane
PTMS), tetraethoxysilane (TEOS) were all purchased from Aladdin
hemistry Co., Ltd. (Shanghai, China). Nafion® 1100 suspension (5%,
/w) was acquired from Sigma-Aldrich Co. LLC. (Shanghai, China).
WNT  (>95%; diameter: 20–40 nm)  were purchased from Shen-

hen Nanotech Port Ltd. Co. (Guangdong, China). Ultrapure water
btained from a Millipore water purification system (≥18 M�,
illi-Q, Millipore) was used in all assays. All other reagents,

ncluding ammonia water, tetrahydrofuran and acetic acid were of
nalytical grade and were provided by Jinshan Reagent Company
Chengdu, China). Phosphate buffered saline was prepared using
.2 M Na2HPO4 and 0.2 M KH2PO4.

.2. Apparatus

CV and DPV experiments were performed using a conventional
hree-electrode system, consisting of a bare or modified GCE as
he working electrode, a saturated calomel electrode (SCE) as the
eference electrode, and a platinum wire as the counter electrode
Shanghai CH Instruments, China). The electrodes were connected
o a CHI 660D electrochemistry workstation (Shanghai CH Instru-

ents, China). Surface morphologies of modified electrodes were
tudied by scanning electron microscopy (SEM) on a Hitachi S-

400N (Japan) microscope. Atomic force microscopy (AFM) images
ere obtained using a Veeco introduces dimension edge atomic

orce microscope system (Bruker, USA). EIS experiments were
onducted using an Autolab PGSTAT302 electrochemical analyzer
ors B 193 (2014) 844– 850 845

(Metrohm, Switzerland) and pH measurements were made with a
MP230 pH meter (Mettler, Switzerland).

2.3. Preparation of MIP/sol–gel/MWNT–NF/GCE

The surface of MWNT  was  grafted with –COOH to enhance dis-
persion and stability. In our work, 0.5 g crude MWNT  was added
to 60 mL  concentrated HNO3 under sonication for 10 min. Then
the mixture was  refluxed under stirring at 85 ◦C for 12 h. After
cooling to room temperature, the mixture was  filtered through
a 0.22 �m polycarbonate membrane and washed with ultrapure
water until the pH of the filtrate reached 7.0. The filtered solid was
dried with N2, and carboxylic acid-functionalized MWNT, denoted
as MWNT–COOH, was obtained. Finally, 2.0 mg  of MWNT–COOH
was dispersed with the aid of ultrasonic agitation in 1.0 mL
of 0.5% (w/w)  Nafion® in phosphate buffered saline (pH = 7.0)
for 1 h to form a homogeneous MWNT–NF suspension solution
(2.0 mg  mL−1).

Prior to the surface modification, the GCE  (3 mm in diameter)
was polished to a mirror-like finish with 0.3 and 0.05 �m alumina
slurry, and were then successively sonicated in 1:1 (v/v) nitric acid,
acetone and ultrapure water. As shown in Scheme 1, surface mod-
ification was commenced by applying a 10 �L aliquot solution of
the resulting MWNT–NF composite on a GCE and dried at room
temperature. To prepare the 2-NP-imprinted sol, 2-NP (2.0 mmol),
APTES (2.0 mmol) and PTMS (2.0 mmol) as functional comonomer
were dissolved in a 25 mL  round-bottomed flask with tetrahydro-
furan (5 mL)  under magnetic stirring for 30 min. After adding TEOS
(8 mmol) and ammonia water (0.8 mL,  0.1 mol  L−1) under stirring
for 30 min, the mixture was  stirred for an additional 2 h before
being used as an imprinted sol. Finally, the imprinted sol was
electrodesposited on the MWNT–NF/GCE by conducting 30 repe-
titions of cyclic voltammetry in 5.0 mL  of the prepared MIP sol and
5.0 mmol  L−1 tetrabutylammonium perchlorate between −0.5 and
+0.6 V at 50 mV s−1. The electrode was then dried overnight at room
temperature. The removal of the 2-NP template was  carried out
by repeatedly immersing the resultant GCE in a methanol/acetic
acid (9:1, v/v) solution for 2 h under continuous agitation and then
air-dried for 24 h. The complete removal of 2-NP was  verified elec-
trochemically. The finished imprinted electrode was stored at 4 ◦C
in dry condition when not in use. As a control, a non-imprinted
polymer (NIP) sensor was  prepared and treated in the same manner
using the NIP sol.

2.4. Electrochemical measurement

CV and EIS were conducted to characterize the different mod-
ified electrodes. The potential of CV was set from −0.3 to +0.6 V
with a scan rate of 50 mV  s−1 and the impedance spectra of fre-
quency range 100 mHz–80 kHz were recorded under a DC potential
of 206 mV  and an ac voltage of 10 mV  amplitude. After being
immersed in 2-NP solution for 6 min, the imprinted sensor was
carefully washed with distilled water. In DPV, a 50 mV  pulse ampli-
tude, a 4 mV  potential increment, a 50 ms  pulse width and a 200 ms
pulse period were used. All electrochemical experiments were con-
ducted at room temperature.

Prior to real-life samples analysis, fresh water samples (obtained
from Nanming River, Guiyang, China) were immediately filtered
through a millipore cellulose nitrate membrane (pore size was
0.45 �m)  to remove suspended particles. The collected wet soil
After centrifugation, the filtrate was  collected and diluted to
mark with a phosphate buffered saline (pH = 7.0). Then the pH
of all samples were adjusted to 7.0 with phosphate buffered
saline.
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Scheme 1. Schematic representation of the pre

. Results and discussion

.1. Preparation and electrochemical behavior of the imprinted
ensor

In the sol–gel imprinting process, the amino group of APTES
nd benzene ring of PTMS can provide recognition sites through
ydrogen bonds and “�–� stacking” interaction with the tem-
late 2-NP. As a crosslinker, TEOS can form a polymeric network
hrough Si–O bond via hydrolysis. In our work, MIP  sol–gel film
as deposited on the MWNT–NF/GCE surface by cyclic voltam-
etry. There were no electrochemical oxidation and reduction

rising from the 2-NP template observed within the electrode-
osition potential range from −0.5 to +0.6 V, suggesting the
-NP was not electrochemically active during the electrodepo-
ition process. The electrochemical behavior of the stepwise
abrication process was studied in a pH = 7.0 phosphate buffered
aline containing 5 mmol  L−1 K3Fe(CN)6, which acts as an electro-
hemical probe. As shown in Fig. 1A, the cyclic voltammogram
f K3Fe(CN)6 at a bare GCE in trace a shows an oxidation peak
t +0.158 V and a reduction peak at +0.251 V. The peak current
ncreased by 401% after MWNTs were immobilised on the electrode
trace b), which is attributed to an increase in effective working
lectrode surface area by MWNTs. However, compared to MWNTs
odified electrode, a 22% decrease in reduction peak current was

bserved on a MWNT–NF composite modified electrode (trace c).
wing to only a small decrease in the current response observed at

he Nafion-modified electrode, Nafion was used in this work as a
olubilising agent for MWNT  to obtain a homogeneously dispersed
mprinted sol–gel recognition film.

Assays were performed to illustrate the imprinting/releasing
f 2-NP in the construction process. In Fig. 1B, trace a shows the
yclic voltammogram of K3Fe(CN)6 at a MIP  sol–gel film modified
WNT–NF/GCE. Compared with the CV at a MWNT–NF/GCE shown

n Fig. 1A, there was a 99% decrease in the reduction peak current
ecause of difficulty for K3Fe(CN)6 to penetrate the MIP  sol–gel

lm to make contact with the electrode for electron transfer. Sim-

lar responses were detected with the NIP/sol–gel/MWNT–NF/GCE
trace b) due to a lack of selective active sites within the NIP sol
el. However, a significant increase (858%) of the reduction peak
ion procedure of MIP/sol–gel/MWNT–NF/GCE.

current was observed after removing 2-NP from the MIP  (trace
c). This is most likely due to the formation of channels within a
porous MIP  without 2-NP, allowing the small K3Fe(CN)6 to pass
through and make contact with the electrode for reduction. In addi-
tion, the MWNT–NF composite aided in increasing the electrode
surface area, which in turn accelerated the electron transfer reac-
tion at the electrode. After being immersed in 60 �mol L−1 2-NP
solution for 6 min  (trace d), a 28% decrease in peak current, rel-
ative to MIP/sol–gel/MWNT–NF/GCE after extraction of 2-NP, was
observed, suggesting the MIP/sol–gel/MWNT–NF/GCE could rebind
the target molecules and hinder the probe to arrive at the electrode
surface.

Electrochemical impedance spectroscopy (EIS) is a powerful tool
for studying the interfacial properties of surface-modified elec-
trodes and the electron-transfer resistance at the electrode surface
is an important parameter [28]. In a Nyquist diagram, the semicircle
diameter corresponds to the electron-transfer resistance (Ret). This
resistance affects the electron transfer kinetics of the redox-probe
at the electrode interface. The Nyquist diagrams of K3Fe(CN)6 at
different modified electrodes are illustrated in Fig. 2. The high fre-
quency region of trace a (see inset in Fig. 2), which was obtained
at a bare GCE, shows an Ret (obtained by extrapolation of the semi-
circles to lower frequencies on the real impedance axis) of 200 �.
When MWNTs alone (trace b) or an MWNT–NF composite (trace c)
was immobilised on the GCE, the Ret is 22 � and 56 �, respectively,
indicating the excellent conducting properties of the MWNT–NF
composite, which aided in accelerating the electron transfer. Next,
Ret increased to 3763 � at an MIP/sol–gel/MWNT–NF/GCE (trace d),
demonstrating the formation of a compact structure by the sol–gel
membrane, which then acted as a kinetic barrier for electron trans-
fer. Finally, Ret decreased to 2016 � after the template was removed
(trace e).

3.2. Surface characterization

SEM was performed to obtain an insight into the surface mor-

phology of these various modified electrodes. As shown in Fig. 3A,
high-density large intertwined aggregates were observed and the
arrangement was  chaotic and irregular. Fig. 3B displays a SEM
image of MWNT  dispersed in the Nafion solution. Well-separated
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ig. 1. (A) CV of K3Fe(CN)6 on the bare GCE (a), MWNT/GCE (b) and MWNT–NF/GCE (c
b),  MIP/sol–gel/MWNT–NF/GCE after extraction of 2-NP (c) and rebinding in 60 �m
f K3Fe(CN)6 and 0.1 mol  L−1 of KCl.

WNT  rope are detectable on the surface of MWNT–NF/GCE.
e  have also examined surface morphology using AFM, which

nables characterisation of nanoparticles at ambient conditions
29]. Accordingly, the AFM image of MWNT  particles is shown in the
nset of Fig. 3B, revealing a rope shape with slightly rough surface.
fter electrodeposition of the imprinted sol, it can be visualized

rom Fig. 3C that the average size of MIP  sol–gel/MWNT particles
Fig. 3C inset) increasing obviously compared with MWNT parti-
les (Fig. 3B inset), as well as embedded throughout the polymer
atrix, suggesting that the MIP  sol–gel was attached on the MWNT

uccessfully. The MIP/sol–gel/MWNT/GCE surface (Fig. 3D) appears
ather conglomerate compared to MIP/sol–gel/MWNT–NF/GCE
urface (Fig. 3C), indicating that the Nafion plays a key role in
reparing a homogeneous and well-distributed MIP  sol–gel film.

.3. Optimization of the parameters of imprinted sensor

Three MIP  sol–gel films consisting of (i) APTES alone as the
onomer, (ii) PTMS alone as the monomer and (iii) both APTES

nd PTMDS as co-monomers were used to fabricate imprinted sen-

ors with optimum sensing properties and high binding capacity of
-NP. The respective imprinted sensors will thereafter be denoted
s A-MIP/sol–gel/MWNT–NF/GCE, P-MIP/sol–gel/MWNT–NF/GCE,
nd AP-MIP/sol–gel/MWNT–NF/GCE. The response performance of

ig. 2. Electrochemical impedance spectroscopy of bare GCE (a), MWNT/GCE (b),
WNT–NF/GCE (c), MIP/sol–gel/MWNT–NF/GCE before (d) and after (e) leaching

-NP in 5 mmol  L−1 of K3Fe(CN)6 containing of 0.1 mol  L−1 KCl. The inset shows the
mplified EIS of curve a, b and c.
V of K3Fe(CN)6 on the MIP/sol–gel/MWNT–NF/GCE (a), NIP/sol–gel/MWNT–NF/GCE
2-NP (d) in 0.1 mol  L−1 phosphate buffered saline (pH = 7.0) consisting of 5 mmol  L−1

the three sensors are investigated and the results are shown in
Fig. 4A. The current variation (�I) (�I = Ic–I0, where I0 refers to
the current signal obtained in a blank solution, and Ic denotes
the corresponding current signal in a solution of concentration
c �mol L−1) of AP-MIP/sol–gel/MWNT–NF/GCE (chart b) was higher
than that at a P-MIP/sol–gel/MWNT–NF/GCE (chart a) and at an
A-MIP/sol–gel/MWNT–NF/GCE (chart c). This indicates that the
combined utilization of APTES and PTMS generates highly selec-
tive cavities and provides stronger interaction forces, such as �–�
stacking or hydrogen bonding, for 2-NP compared to those found
in imprinted sensors consisting of APTES or PTMA alone. Therefore,
APTES and PTMS as the functional co-monomers would contribute
the imprinting effect of the polymer matrix thus prepared.

The influence of the test solution pH on the peak current of
K3Fe(CN)6 at the MIP/sol–gel/MWNT–NF/GCE was investigated by
DPV over the range from 4.0 to 10.0. As illustrated in Fig. 4B, the
�I of K3Fe(CN)6 at the imprinted electrode increased rapidly with
the increasing pH from 4.0 to 7.0. Then, it decreased when the pH
value exceeded 8.0, and the highest �I  was obtained at pH = 7.0,
suggesting that this pH of external solution would facilitate the
interaction between 2-NP and the imprinted film containing func-
tional groups. The pH of the solution affects the degree of ionization
of 2-NP (pKa = 10.7) and the protonation of functional monomer,
which subsequently leads to a change in electrostatic binding of 2-
NP in MIP  cavities [22]. The neutral and non-ionised 2-NP is much
better for the recognition process. Therefore, a pH value of 7.0 was
chosen as the optimized external solution pH for the subsequent
analytical experiments.

Fig. 4C shows the dependence of the sensor response on the
incubation time ranging from 1 to 10 min, using a fixed 2-NP
concentration of 60 �mol  L−1. The reduction peak current initially
increased steadily but reached 95% of the saturated adsorption
within 5 min  of incubation, before it slowly levelled off, indicat-
ing a rapid recognition capability of the imprinted film and its
high affinity to the target molecule. The stable current response
of MIP/sol–gel/MWNT–NF/GCE was  obtained in about 6 min, so the
incubation time of 6 min  was  implemented in subsequent experi-
ments.

3.4. Performance of the imprinted sensor

3.4.1. Linear range and limit of detection

A series of different concentrations of 2-NP solutions were

measured with the imprinted sensor to investigate linear range
and limit of detection. As shown in Fig. 5, with the 2-NP con-
centration increased, the reduction peak current of K3Fe(CN)6 at
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ig. 3. SEM images of (a) MWNT/GCE, (b) MWNT–NF/GCE, (c) MIP/sol–gel/MWNT–
WNT  and (c) MIP/sol–gel/MWNT particles.

he MIP/sol–gel/MWNT–NF/GCE gradually decreased. Under opti-
ized conditions, the proposed sensor showed a linear response

n the range from 0.2 to 360 �mol  L−1, described by the equation:
(�A) = −0.084 [2-NP] (�mol  L−1) +45.69 (r2 = 0.9918, n = 5), with a
elative standard deviation (RSD) lower than 3.5%. The detection
imit, estimated as the 2-NP concentration yielding an ampero-

etric signal equal to three times the peak-to-peak noise of the
aseline, was 0.06 �mol  L−1. Compared with other electrochemi-
al sensors for 2-NP (Table 1) reported in literature [11,30], the
roposed sensor provided with a wider linear range. More impor-
antly, the limit of detection was lower than that (0.32 �mol  L−1)
stimated at an 2-NP imprinted electrochemical sensor consisting
f titanium oxide and gold nanomaterials [31], and was comparable
o 0.058 �mol  L−1 reported by Meng et al. [10] and 0.01 �mol  L−1

y Lu et al. [30].
.4.2. Stability and repeatability
The stability and repeatability of the MIP/sol–gel/MWNT–NF/

CE were studied by DPV measurements of 60 �mol  L−1 2-NP and
he results are presented in Fig. 6. The peak current retained 90.3% of

ig. 4. Effects of (A) the type of functional monomer (a) PTMS, (b) APTES and PTMS, and
roposed sensor. Background electrolyte: 0.1 mol  L−1 phosphate buffered solutions of pH
E and (d) MIP/sol–gel/MWNT/GCE surface. The inset shows the AFM images of (b)

its initial current after 30 days storage in phosphate buffered saline
at 4 ◦C and measured intermittently (every 5 days), indicating a sat-
isfactory stability of the sensor in this experiment. The RSD of the
MIP/sol–gel/MWNT–NF/GCE was  3.6% for 20 successive measure-
ments, and lower than 6.4% for measuring at intervals of 2 days
in 30 days period, respectively, indicating acceptable fabrication
repeatability.

3.5. Selectivity of the imprinted sensor

We  have studied the electrochemical response of MIP  and NIP
modified electrodes with different concentration of 2-NP. As seen
from Fig. 7A, the MIP  modified electrode showed larger �I  than
the NIP modified electrode, with an imprinting factor (IF)  value
of 6.47 (IF = �fMIP/�fNIP, where �fMIP and �fNIP are the slope
of the calibration plot for different concentrations of analytes

on MIP/sol–gel/MWNT–NF/GCE and NIP/sol–gel/MWNT–NF/GCE,
respectively), suggesting a successful imprinting process and 2-NP
interacted with the specific binding sites within the MIP mate-
rials, whereas it interacted non-specifically with NIP. In order

 (c) APTES; (B) pH and (C) immersion time on the current variation (�I) using the
 = 7.0 containing 5 mmol  L−1 of K3Fe(CN)6 and 0.1 mol  L−1 KCl. [2-NP] = 60 �mol L−1.
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Fig. 5. DVP curves for 2-NP detection using the proposed sensor in 0.1 mol  L−1

phosphate buffered saline (pH = 7.0) containing 5 mmol  L−1 of K3Fe(CN)6 and
0.1  mol L−1 of KCl. vs.SCE. [2-NP] = 0.2,5,10,30,60,100,140,180,220,260,300,
340,380,420 �mol  L−1 (from a to n). The inset is a plot of the linear relationship
between the peak current and the concentration of 2-NP.

Fig. 6. Reproducibility and stability of the MIP/sol–gel/MWNT–NF/GCE measured
by  30 days period.

Fig. 7. (A) Calibration plots of current response changes corresponding to the MIP/sol–g
2-NP,  respectively; (B) MIP/sol–gel/MWNT–NF/GCE response for different concentrations
ors B 193 (2014) 844– 850 849

to ensure selectivity of the imprinted sensor, DPV responses
of 2-NP and structural analogs including PTOP, BPA and PL on
MIP/sol–gel/MWNT–NF/GCE were compared and the results are
shown in Fig. 7B. Notably, the MIP  modified electrode exhibited
a much higher current response toward 2-NP compared with the
structural analogues. No perceivable difference of current varia-
tion, however, was observed for the analogues, showing that MIP
sol–gel had the highest specific selectivity toward 2-NP. The origin
of selective recognition can be attributed to 2-NP selective bind-
ing sites in the polymer sol–gel created by the imprinting process.
Although the same hydrogen bond can form between the structural
analogues and the monomer, the different recognition effect may
be based on the distinct size, structure and functional group to the
template [32]. Moreover, PL has minimal obstruction to approach
the recognition cavities because its smaller molecular structure,
showed a bigger current response than other structural analogues,
but it was still much lower than that for 2-NP, suggesting that the
memory of specific functional group also plays an important role
in the conformation memory [33]. These results suggested that the
imprinting process significantly improved affinity and selectivity
of the 2-NP imprinted sol–gel toward template 2-NP.

3.6. Preliminary analysis of 2-NP in environmental samples

The practical applicability of the proposed sensor was  examined
by analyzing the 2-NP in environmental water samples from three
different sources including tap water, river water, and soil sam-
ples (collected from Guiyang, China) under optimized conditions.
As no 2-NP was found in the samples, the accuracy of the method
was evaluated by performing a recovery test after spiking the sam-
ples. As shown in Table 2, the recoveries ranged from 95.4 to 98.1%
and RSD was  from 2.5% to 4.4%, suggesting an acceptable detec-
tion result and the viability in using the proposed sensor for 2-NP
analysis in these real-life samples.

4. Conclusions

In this work, a simple, rapid, sensitive and selective molec-
ularly imprinted electrochemical sensor for 2-NP detection based
on electrodepositing MIP  sol–gel onto an MWNT–NF composite
modified GCE was  described. Nafion was selected to improve on

the dispersibility of MWNT  for preparing a homogeneous and well-
distributed MIP  sol–gel film. The developed sensor provided with
a wider linear range and lower limit of detection compared with
other 2-NP electrochemical sensors. In addition, it displayed a good

el/MWNT–NF/GCE and NIP/sol–gel/MWNT–NF/GCE for different concentrations of
 of 2-NP, PTOP, BPA and PL, respectively.
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ecognition capacity for 2-NP in the presence of several phenol
tructural analogs including PTOP, BPA and PL and showed good
tability and repeatability. More importantly, the proposed sen-
or has successfully been applied to detection of 2-NP in real-life
amples and had shown a great potential use in the environmental
amples analysis.
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