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Received 22 May 2013 limit has been described. Uniform-sized molecularly imprinted nanoparticles are utilized as a recognition
Received in revised form 27 July 2013 receptor to provide a higher affinity since they have a larger binding capability and can be well dispersed
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in the polymeric membrane of an ion-selective electrode (ISE). The asymmetric membrane rotating ISE
configuration is introduced to improve the detection sensitivity by enhancing the nonequilibrium steady-
state potential response at the sample-membrane interface. It has been found that the proposed electrode
shows aremarkably improved sensitivity over conventional potentiometric sensors based on molecularly
imprinted polymers (MIPs). By using triclosan as a model, the new concept offers a low detection limit of
1.9 x 102 mol L~! in 0.2 M NaHCO3/Na»COs3 of pH 10.1, which is at least two orders of magnitude lower
than those of conventional MIPs based potentiometric sensors. The practical application of the proposed
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sensor has been carried out for the detection of trace levels of triclosan in toothpaste samples.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, molecularly imprinted polymers (MIPs) have
gained wide acceptance as new artificial recognition receptors in
chemical sensors since they have high affinities and excellent selec-
tivities similar to those of antibodies, and are chemically stable
and easy to produce [1-3]. Various electrochemical sensors have
been fabricated using MIPs as receptors, based on capacitance
[4], conductometry [5], amperometry 6], voltammetry [7], quartz
microbalance [8] and impedance spectroscopy [9]. As generic
and highly successful approaches to chemical sensing, potentio-
metric sensors have shown to be very promising for trace-level
environmental and biological measurements [10,11]. Nowadays,
potentiometric sensors based on MIPs have been successfully
developed for determination of anions, cations and neutral species
[12-16]. However, it should be noted that most of the MIPs based
potentiometric sensors developed so far have poor detection limits
in the micromolar range, which are unsuitable for trace-level mea-
surements, especially with high levels of electrolyte background.

Molecularly imprinted nanoparticles have attracted consid-
erable attention in recent years because they possess many
remarkable advantages over conventional imprinting materials
such as high surface-to-volume ratios, large binding capabilities,
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fast binding kinetics and ease of use with standard liquid dispensers
[17-20]. Such characteristics make MIP nanoparticles suitable for
construction of electrochemical sensors [9]. However, to date, very
few of the nano-imprinted materials have been exploited in poly-
meric membrane potentiometric sensors [21].

Recently, we constructed an asymmetric membrane rotating
ion-selective electrode (ISE) configuration to significantly improve
the detection sensitivity of potentiometric measurements in the
presence of a high-interfering background [22]. The response
mechanism of the proposed ISE sensing mode is based on the
nonequilibrium steady-state diffusion process of primary ions at
the sample-membrane interface [23-25]. This promising protocol
has been demonstrated to exhibit a subnanomolar detection limit
using a commercially available ionophore (e.g. ETH 1062).

The aim of this work is to combine the unique properties of
imprinted nanomaterials with the asymmetric membrane rotating
ISE configuration to fabricate MIP based potentiometric sensor for
trace-level analysis with a high-interfering background. For this
purpose, an asymmetric polymeric membrane ISE configuration
based on MIP nanobeads as a receptor is prepared. MIP nanobeads
are used to provide an excellent affinity for the target molecules and
the asymmetric membrane rotating ISE configuration is utilized to
improve the detection sensitivity. A conditioning solution contain-
ing only interfering ions is applied to eliminate the ion-exchange
effect [22]. The new concept has been evaluated and illustrated for
the trace-level detection of triclosan as an example of high practical
importance. Triclosan is an antimicrobial agent used in a variety of


dx.doi.org/10.1016/j.snb.2013.07.110
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2013.07.110&domain=pdf
mailto:wqin@yic.ac.cn
dx.doi.org/10.1016/j.snb.2013.07.110

R. Liang et al. / Sensors and Actuators B 188 (2013) 972-977 973

cl OH o
0, e OO0
_—
/E‘:( @ HCl 0 cl
Cl

2.8-Dichlorodibenzo-p-dioxin

Cl

Triclosan

Scheme 1. Photochemical conversion of triclosan to 2,8-dichlorodibenzo-p-dioxin.

consumer products but can act as a potent inhibitor of enzyme [26]
and undergo cyclization to form 2,8-dichlorodibenzo-p-dioxin (2,8-
DCDD) upon exposure to UV radiation (Scheme 1) [27]. Triclosan
is a weak acid with a pK, of 7.8, and is readily deprotonated in an
aqueous solution at pH levels higher than 7.8. The deprotonated
triclosan can be measured potentiometrically by the proposed ISE.
This paper shows that the present asymmetric nano-MIP mem-
brane based ISE can offer a remarkably improved sensitivity for
measuring triclosan in the presence of a high-interfering back-
ground.

2. Experimental
2.1. Reagents and materials

Triclosan, acrylamide (AA), methyl methacrylate (MMA),
trimethylolpropane trimethacrylate (TRIM), divinylbenzene 80
(DVB 80), acetonitrile and 2,2’-azobisisobutyronitrle (AIBN) were
purchased from Aldrich. High molecular weight poly (vinyl
chloride) (PVC), 2-nitrophenyl octyl ether (0-NPOE) and tridode-
cylmethylammonium chloride (TDMAC) were obtained from Fluka
AG (Buchs, Switzerland). Tetrahydrofuran (THF) was freshly dis-
tilled and AA was recrystallized from methanol prior to use. All
other reagents were analytical grade and used without any further
purification. Aqueous solutions were prepared with freshly deion-
ized water (18.2 M2 cm specific resistance) obtained with a Pall
Cascada laboratory water system. A stock solution of 0.01 M tri-
closan was prepared by dissolving 28.9 mg of triclosan in 10 mL of
acetonitrile and then diluted to various concentrations of working
solutions with 0.2 M NaHCO3/Na,CO3 of pH 10.1.

2.2. Synthesis of triclosan MIP

The triclosan MIP nanobeads were synthesized by the precipita-
tion method as described elsewhere [28,29]. Briefly, the template
triclosan (1.0 mmol), AA (2.5 mmol), MMA (4.0 mmol), DVB (60 wL),
TRIM (320 L) and free-radical initiator AIBN (0.5 mmol) were dis-
solved in acetonitrile (40mL) in a 50 mL flask and sonicated for
10min to maintain homogeneity. Then the solution was purged
with gentle flow of N, for 10 min and sealed under N, atmosphere.
Polymerization was carried out by submerging the flask in a water
bath and rotating the flask at a speed of 10 rpm. The temperature
was increased from 20°C to 75°C within 30 min and maintained
at 75°C for 24 h. After polymerization, the template was removed
by the batch-mode solvent extractions with methanol/acetic acid
(8/2, v/v) and methanol until no absorption of the methanol at
280nm was observed with a Beckman DU-800 UV spectropho-
tometer. The resulting polymer was dried for 10h in vacuum at
50°C. Non-imprinted polymer (NIP) was prepared under identi-
cal conditions except for omission of the template. Traditional MIP
microbeads were prepared according to the precipitation method
described before [16].

2.3. Preparation of polymeric membranes and ISEs
The homogeneous ISE membranes based on triclosan MIP con-

tained (in wt%) MIP or NIP (7.6), TDMAC (1.5), o-NPOE (60.6), and
PVC (30.3). The components of each membrane (totaling 360 mg)

were dissolved in THF (3.5mL) and poured into a glass ring (i.d.
36 mm) fixed on a glass plate. Overnight evaporation of the sol-
ventyielded membranes of ~200-pwm thickness. For each electrode,
a disk of 8-mm diameter was punched from the membranes and
glued to a plasticized PVC tubing with THF/PVC slurry. The asym-
metric MIP membranes were prepared by evenly spreading 5 L of
aTDMAC solution (0.7 mg/mL in THF) on the surface (8-mm diame-
ter) of the hard membrane matrix containing (in wt%) MIP (7.6), ETH
500 (1.0), 0-NPOE (45.7), and PVC (45.7) and letting the active layer
dry for 1 h. 0.2 M NaHCO3/Na;CO3 of pH 10.1 and 0.01 M NaCl were
used as the internal filling solutions for measurement of triclosan
and for evaluation of the selectivity coefficients, respectively. All
the electrodes were conditioned in a solution identical to the inner
filling solution for 1 day.

2.4. EMF measurements

For measurements with the rotating disk ISE, a rotating silver
disk electrode (ATA-1B, Jiangsu Jiangfen Electroanalytical Instru-
ment Co., Ltd., China) with a diameter of 3 mm was used as the
internal reference electrode. The silver disk electrode was chlo-
ridized with a solution of 1M HCl containing 0.1 M FeCls. The
plasticized PVC tubing with the asymmetric MIP based ISE mem-
brane glued at the distal end was filled with the internal filling
solution containing 0.01 M NaCl in 0.2 M carbonate buffer of pH
10.1 and then screwed onto the silver disk electrode. The exter-
nal reference electrode employed was a double-junction saturated
calomel electrode (SCE) with 0.1 M LiOAc as the bridge electrolyte.
All measurements were performed with a rotating (at 3000 rpm)
or static mode configuration (using a stir bar operating at 200 rpm,
and an Ag/AgCl (3M KCl) inner reference electrode) to achieve
solution-phase convection. Electromotive force (EMF) values were
measured at 20-21°C using a PXSJ-216 pH meter (Shanghai,
China).

Selectivity coefficients were determined by the separate solu-
tion method [30]. The EMF values for inorganic ions were corrected
for the liquid-junction potentials with the Henderson equation.
The ion activity coefficients were calculated according to the
Debye-Hiickel equation.

3. Results and discussion
3.1. Characterization of MIP nanobeads

The morphologies of the obtained triclosan MIP nanobeads
were characterized by scanning electron microscopy (SEM). As
shown in Fig. 1a, the triclosan imprinted nanobeads are uniform
and spherical with a diameter distribution of 200-300 nm. These
uniform-sized nanobeads can be well dispersed in the polymeric
ISE membrane, which could induce more binding sites available in
the membrane and a lower membrane impedance [16], as com-
pared to traditional MIP microbeads with a diameter of ca. 2 um
(Fig. 1c). The SEM images also indicate the NIP nanobeads prepared
with the same recipe have the similar morphological structure and
particle size distribution (Fig. 1b).

3.2. Optimization of the proposed sensor

To illustrate the excellent binding affinity of triclosan MIP
nanobeads, two kinds of ISEs based on MIPs were firstly com-
pared: one with MIP nanobeads as ionophore and the other with
traditional MIP microbeads. As illustrated in Fig. 2, the electrode
prepared with the MIP nanobeads (curve a) shows a better per-
formance than that obtained with the MIP microbeads (curve b).
For measurement of triclosan at 10~4 M in the presence of 0.2 M
NaHCO3/Na,CO3, the EMF change obtained by the MIP nanobeads
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Fig. 1. SEM images of the triclosan MIP nanobeads (a), NIP nanobeads (b) and MIP microbeads (c).

based ISE is approximately 255 mV, while that by the electrode with
MIP microbeads as ionophore is 190 mV. In addition, the membrane
ISE prepared with the MIP nanobeads shows a shorter response
time (~3 min), defined as the time required to achieve 95% of the
stable signal, than that with MIP microbeads (~5 min). These obser-
vations might be attributed to the fact that uniform nanobeads have
a higher binding capability and can be well dispersed in the poly-
meric ISE membrane, thus leading to more available binding sites
in the membrane [16]. For a comparison, the potential response
of the traditional homogeneous membrane conditioned with the
primary ion was tested. The results are shown in Figure S1 in the
Supplementary Materials. As can be seen, the traditional membrane
electrode has a rather poor detection limit of 3.9 x 10-6M (3¢) in
0.2 M carbonate buffer of pH 10.1, which is due to the leaching of
the primary ions from the sensing membrane into the sample solu-
tion [31-35]. As a control, the potential response of NIP nanobeads
based ISE membrane was also investigated. Compared with the
response of MIP nanobeads based ISE, neglectable EMF changes
below 10~> M triclosan can be observed for NIP based membrane
(curve c), which indicates the MIP is effective for specific recogni-
tion of the target ion.

EMF / mV

b

100 mV

a

0 400 800 1200 1600
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Fig. 2. Potential response curves obtained by ISEs with the homogeneous mem-
branes containing MIP nanobeads (curve a), MIP microbeads (curve b) and NIP
nanobeads (curve c) under constant stirring, and by the asymmetric membrane
based on MIP nanobeads with rotation at 3000 rpm (curve d). Nano-MIP membrane
(curve a): 7.6 wt% MIP nanobeads, 1.5 wt% TDMAC, 60.6 wt% o-NPOE and 30.3 wt%
PVC; micro-MIP membrane (curve b): 7.6 wt% MIP microbeads, 1.5wt% TDMAC,
60.6 wt% 0-NPOE and 30.3 wt% PVC; nano-NIP membrane (curve c): 7.6 wt% NIP
nanobeads, 1.5 wt% TDMAC, 60.6 wt% o-NPOE and 30.3 wt% PVC. The asymmetric
nano-MIP membrane (curve d) was formed by evenly spreading 5 p.L of a TDMAC
solution (0.7 mg/mL in THF) on the surface of the membrane matrix containing
7.6 wt% MIP nanobeads, 1.0 wt% ETH 500, 45.7 wt% o-NPOE, and 45.7 wt% PVC. All
the measurements were performed in 0.2 M carbonate buffer of pH 10.1.

As shown above, the detection sensitivity of the MIP based ISE
can be improved by using MIP nanobeads as ionophore. How-
ever, the obtained detection limit cannot satisfy the requirement
for trace-level analysis. The asymmetric membrane rotating ISE
configuration was then employed for further improvement of the
detection sensitivity by promoting the accumulation of the pri-
mary ions in the boundary layer of the membrane surface. The
asymmetric nano-MIP membrane was formed by evenly spread-
ing the ion-exchanger solution onto the surface of PVC membrane
as described before [22]. The illustration of MIP based asymmet-
ric ISE membrane is shown in Scheme 2. The detection mechanism
of the proposed asymmetric membrane has been described before
[22]. Unlike the traditional ISEs, the membrane electrode based on
MIP particles is conditioned in a solution of interfering ions (e.g.
HCO3~ and CO32") instead of primary ions so that the membrane
is completely occupied by HCO3~ and CO32~ and no primary ions
(deprotonated triclosan) exist in the ISE membrane. When the elec-
trode is in contact with the deprotonated triclosan, the interfering
ions in the membrane surface can be partially displaced by the
deprotonated triclosan due to the favorable host-guest interac-
tion with the MIP nanoparticles in the membrane, thus causing
a steady-state potential response [23]. Since the EMF response
of the proposed discriminated-ion-conditioned electrode is highly
dependent on the accumulation of the deprotonated triclosan in the
interfacial layer of the membrane phase, the detection sensitivity
can be largely improved by accelerating ion fluxes in the aqueous
Nernst layer and/or suppressing ion fluxes from the phase bound-
ary into the bulk of the membrane [22]. As shown in Scheme 2,
by using the asymmetric membrane with an ion-exchanger (e.g.
TDMAC) loaded only on the membrane surface, the diffusion of the
deprotonated triclosan from the organic boundary layer into the
bulk of the membrane can be effectively blocked, while rotation of
the membrane electrode dramatically reduces the diffusion layer
thickness of aqueous phase and significantly promotes the mass

MIP based asymmetric ISE membrane

< Membrane bulk

< lon-exchanger

Cgs Q cgzg CSD! layer

MIP nanoparticle

'
S

Scheme 2. Illustration of the MIP based asymmetric ISE membrane.

lon-exchanger

Deprotonated triclosan
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Fig. 3. Potentiometric responses of the asymmetric membrane based ISEs prepared
with the membranes possessing different PVC/o-NPOE ratios of 2.5:1 (curve a), 1:1
(curve b), and 1:2 (curve c). The other conditions are as given in Fig. 2 (curve d).

transfer of the deprotonated triclosan to the sample-membrane
interface [36,37]. The induced accumulation of the deprotonated
triclosan in the membrane boundary layer largely enhances the
obtained non-equilibrium potential response.

In order to decrease the resistance of the PVC membrane bulk
which lacks of ion-exchanger, the inert lipophilic electrolyte ETH
500 was incorporated into the asymmetric ISE membrane [38].
Curve d in Fig. 2 shows the potential response associated with
the asymmetric membrane rotating ISE based on MIP nanobeads.
As expected, the asymmetric membrane shows a significantly
improved performance over the conventional homogeneous mem-
brane based electrode. A negligible EMF change was observed using
the homogeneous membrane electrode for 10~6 M triclosan, while
that by the asymmetric membrane electrode was approximately
85mV. It can be demonstrated that the asymmetric membrane
rotating ISE configuration is effective for the sensitivity improve-
ment of the MIP based ISE.

The experimental parameters were further examined for opti-
mum analytical performance. Since using a hard polymeric
membrane (with high PVC content) can improve the detection
sensitivity by enhancing the accumulation of primary ions in the
surface boundary layer of the membrane [22,23], the effect of
PVC/plasticizer ratio on the potential responses of asymmetric
membrane electrode was tested, and the results are illustrated
in Fig. 3. It can be seen that the total EMF change from 10~> to
10-83 molL-! increases with decrease in the plasticizer content,
which is attributed to the fact that a lower plasticizer content leads
to a smaller diffusion coefficient, thus accelerating the accumula-
tion of deprotonated triclosan at the boundary layer of the MIP
membrane. However, further decrease in the plasticizer content
may result in a smaller potential response, which is probably due to
the poor dispersion of MIP nanobeads in the polymeric membrane
with a high PVC content. On the other hand, it should be noted
that a lower plasticizer content may lead to a higher membrane
resistance as well as a longer conditioning time [39]. Therefore, the
PVC/plasticizer ratio of 1:1 with a maximum response was cho-
sen for the proposed membrane. The rotation speed could induce a
large influence on the sensitivity of a potentiometric sensor with a
nonequilibrium steady-state response [24,40]. As shown in Fig. 4,
the potential response increases with increase in rotation speed.
However, experiments also showed that larger noise levels in the
potential response could be observed when the rotation speeds
were higher than 3000 rpm [22]. Therefore, 3000 rpm was selected
as the optimal rotation speed for the present sensor.

40
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Fig. 4. Effect of rotation speed on the potentiometric response of the asymmetric
nano-MIP membrane based ISE to 107 M triclosan. Each error bar represents one
standard deviation for six measurements. The other conditions are as given in Fig. 2
(curve d).

3.3. Characteristics of the proposed sensor

Under the optimized conditions, the calibration curve of the
asymmetric membrane rotating ISE configuration based on MIP
nanobeads as ionophore was obtained. Fig. 5 shows the poten-
tial response of the proposed electrode for measuring triclosan
at concentrations ranging from 10> to 10~3molL-! in a 0.2M
NaHCO3/Na,CO3 buffer of pH 10.1. As can be seen, there is a linear
dependence of the EMF change on the concentration of triclosan
in the range of 1.0 x 1078 to 1.0 x 10~ molL~! (y=0.999) with a
detection limit of 1.9 x 10~ molL~! (30). This detection limit is
at least two orders of magnitude lower than those of most of the
MIPs based potentiometric sensors [12], which makes it feasible to
perform trace-level measurements in environmental samples.

After each measurement, the asymmetric membrane ISE was
washed with 20mL of an aqueous solution containing 20 wt%
ethanol and 1 wt¥% acetic acid for 30s to remove triclosan in the
MIP and then immersed in the NaHCO3/Na,CO3 buffer to obtain
the original baseline potential value. For ten consecutive measure-
ments, the standard deviation of the potential responses to 10~7 M
triclosan was 1.3 mV, which implies that the lipophilic electrolyte
and the plasticizer cannot largely be removed from the membrane
during the regeneration steps. The diffusion of the ion-exchanger
from the membrane surface layer into the membrane bulk would
occur, which may change the composition of the active layer. The
potential stability of the asymmetric membrane was tested and

]:50 mV

JBuffer 10'83x10-3
107

EMF / mV

I EMF /mV
‘n\\.

Crponer | WM
0 1000 2000
Time /s

3000

Fig. 5. Time-dependent EMF response traces of the asymmetric nano-MIP mem-
brane rotating electrode for measuring deprotonated triclosan. The inset shows the
corresponding calibration curve. The other conditions are as given in Fig. 2 (curve
d).
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Table 1
Potentiometric selectivity coefficients, log K“’j[";(. of the proposed asymmetric nano-MIP membrane ISE®.
. . t . . t
Interfering ion, X° log K,‘\’,[‘?X Interfering ion, X log K,\'jl‘fx
4-Phenoxyphenol- -22+0.2 HCO5- -9.7+1.1(8.5+£0.8)°
4-Methoxyphenol~ -43 +04 CO32~ -9.54+0.9
Catechol~ -39+03 OH~ —-74+08
Cl- -79 £ 0.5 NOs~ —-5.8+0.2

2 Mean value obtained from three corresponding pairs of concentrations of deprotonated triclosan and the respective interfering anion in the Nernstian response range =+ SD.
b The sample pH was adjusted to 12.0 in order to deprotonate the organic substance by using NaOH.
¢ Value in the parentheses is the selectivity coefficient for the micro-MIP membrane based ISE.

Table 2
Application of the proposed method to determination of triclosan in toothpaste
samples spiked with different amounts of triclosan.

Sample Amounts of triclosan (ngg!) Recovery (%)
Amount added Amount found?®

1 5.0 4.8 £ 05 96

2 20.0 21.0+ 15 105

3 100.0 102.1 £ 8.7 102

4 300.0 319.1 £ 15.7 106

2 Average value of three determinations + standard deviation.

the results showed that no significant change in sensitivity was
observed after storage of the membrane at 4 °C for two weeks.

3.4. Interference study

The selectivity of the proposed asymmetric membrane was
characterized by using Bakker’ method to eliminate the influence
of the inherent sensitivity limit on the ISE response toward inter-
fering ions [30]. The logarithmic Nikolskii coefficients for triclosan
(log K&‘?;) over other related structure analogs and discriminated
ions are summarized in Table 1. It can be seen that the proposed
electrode shows excellent selectivity to triclosan over its analogs
such as 4-phenoxyphenol, 4-methoxyphenol and catechol and
some inorganic anions. Notably, the obtained logarithmic selectiv-
ity coefficients of the asymmetric nano-MIP membrane based ISE
over interfering ions such as HCO3~ are superior to those of the
micro-MIP membrane based ISE, which further confirms that MIP
nanobeads have a higher affinity than microbeads. The high sen-
sitivity of the proposed asymmetric membrane rotating electrode
offers great potential for trace-level potentiometric detection.

3.5. Application

The proposed asymmetric nano-MIP membrane based ISE
exhibits excellent affinity and high sensitivity for the determination
of trace-level triclosan under optimum experimental conditions. In
order to illustrate its accuracy in practical analysis, the proposed
electrode was applied to analyze triclosan in spiked toothpaste
samples. A portion of the toothpaste was weighted and dissolved in
0.2 M NaHCO3/Na,CO3 buffer solution. After filtering, the triclosan
contents in toothpaste were potentiometrically analyzed with the
proposed ISE. The results are given in Table 2. It can be seen that the
recoveries of toothpaste samples vary from 96% to 106%, indicating
that the proposed potentiometric sensor has promising feasibility
for trace-level analysis of triclosan in complex samples.

4. Conclusions

A novel asymmetric polymeric membrane ISE using MIP
nanobeads as ionophore for the determination of trace-level tri-
closan has been described, based on the combination of the
excellent affinity of the nano-MIP beads and high sensitivity of the

asymmetric membrane rotating ISE configuration. The proposed
electrode has shown remarkably improved sensitivity for triclosan
detection with a detection limit of 1.9 x 10~2 mol L. Since many
MIPs have been extensively exploited in analytical chemistry, this
methodology is promising to develop MIP based potentiometric
sensors for trace-level measurements of various ionic species.
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