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Abstract A selective and sensitive electrochemical sen-
sor has been prepared for the determination of 6-benzy-
laminopurine (BAP) in complex matrices. It was fabricated
by thoroughly mixing multiwall carbon nanotube@ SnS,
(MWNT@SnS,) with molecularly imprinted chitosan
(CHIT), and then covering on the surface of glassy carbon
electrode (GCE). The core/shell-structured MWNT @ SnS,
dramatically improved the sensitivity of the developed
sensor through providing increased binding and precon-
centration onto the modified GCE, while CHIT imprinted
with BAP served as the selective recognition sites. Several
experimental parameters such as pH, amount of modifier,
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extraction time, and incubation time were optimized.
Under the optimal conditions, selective detection of BAP in
a linear concentration range of 0.1 nM-10 mM was per-
formed with the detection limit of 50 pM (3S/S). The
relative standard deviation of repeatability and repro-
ducibility of the sensor was 1.14 and 2.42 %, respectively.
Furthermore, the sensor was successfully applied to the
determination of BAP in vegetable and fruit samples,
indicating the molecularly imprinted polymer-based elec-
trochemical sensing platform might provide a rapid, sen-
sitive, and cost-effective strategy for BAP determination
and related food safety analysis.
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1 Introduction

Pesticides are inevitably essential in modern agriculture,
but many experiments and surveys indicate that the abuse
of pesticides results in adverse effects not only on the
human health but also on the environmental risks [1].
Therefore, the widespread application of pesticides has
become a global issue. Among the pesticides, 6-benzy-
laminopurine (BAP) is identified as the first-generation
man-made plant growth regulator, which can be used for
the stimulation of plant cell growth and division, basal
shoot formation, lateral bud emergence, flowering, and
fruit set [2]. Based on these functions, some market traders
use excessive BAP in agriculture, horticulture, and fruits
growing to improve their organoleptic quality, post-harvest
life, and production to achieve high profit. However, an
excessive intake of BAP may cause irritation and damage
to mucous membranes, eyes, skin, and upper respiratory
tract, and some symptoms such as emesia and sicchasia
may occur consequently [3]. In this sense, the development
of a rapid, sensitive, inexpensive, reliable, on-site detection
method for BAP residues in vegetables and fruits is
important for concern about food safety. Many methods
have been developed for the detection of BAP from food
samples [4-10], which generally require high-quality
organic solvents, complicated pre-treatments and trained
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personnel. This has led to the development of faster and
more efficient methods that are both inexpensive and
environmentally friendly. In contrast, electrochemical
sensors [11-14] have received remarkable attention par-
ticularly because of their rapid response, high sensitivity,
convenient use, time saving, stability, and low cost, which
offer good prospects for meeting the growing needs of food
safety detection. Furthermore, electrochemical sensors
have received successful application in the field of envi-
ronmental toxins detection [15—-17]. Nonetheless, the sen-
sitivity and selectivity of these electrochemical sensors
need further improvement.

During the last two decades, molecular imprinting
emerged as a valuable technique and has led to the
tremendous research interest from scientists devoting to
electrochemical sensor development, owing to its unique
advantages including ease of preparation, rapidness, low
cost, reusability, long-term stability, and predetermined
selectivity [18, 19]. Ye et al. [20], Si and colleagues [21]
and Sales and colleagues [22] have testified that the highly
selective recognition characteristics of the molecularly
imprinted polymers (MIPs) on electrode surface are better
than those of natural biological species such as receptors
and antibodies. Despite the excellent selectivity of molec-
ularly imprinted electrochemical sensors, the main chal-
lenge that still remains to be addressed is their poor
sensitivity to template molecules resulted from the poor
conductivity of MIPs. Then the researchers have made
great efforts to find novel nanomaterials to enhance the
sensitivity of molecularly imprinted electrochemical sen-
sors [23].
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Compared with other potential nanomaterials, multiwall
carbon nanotube (MWNT) with one-dimensional tubular
structure is acknowledged to be promising material in the
field of electrode modification and electrochemical sensor,
owing to a number of fascinating properties such as large
surface area, high electrocatalytic activity, great mechani-
cal strength, excellent chemical and physical stabilities,
and electronic conductivity [24]. These electrochemical
sensors fabricated qualified platforms for the acceleration
of electron transfer between target molecules and the
electrodes, thus improving the possibility of sensitivity
enhancement [25]. However, the large length-to-diameter
ratio of MWNT causes it to become easily entangled,
which finally influences its properties. One effective
strategy to overcome this problem points to the fabrication
of core/shell structure with a MWNT core and a hierar-
chical shell, which can extremely amplify the signal
transduction efficiency and yield a dramatic improvement
of the sensitivity [26]. SnS, is a crucial IV-VI semicon-
ductor material with a layered Cdl,-type structure, whose
appealing catalytic activity and high electrical conductivity
had been demonstrated in lithium batteries [27]. Moreover,
because of its environment friendliness and high carrier
mobility, the thin layer of SnS, is particularly desirable for
nanoelectronics applications [28, 29].

As far as we know, there is no report available in the
literature regarding the molecularly imprinted electro-
chemical sensing of BAP. Herein, a novel electrochemical
sensor for the determination of BAP in vegetable and fruit
samples was fabricated through the modification of a
glassy carbon electrode (GCE) with composite of core/
shell-structured MWNT @SnS, and molecularly imprinted
chitosan (CHIT). The schematic representation of the
possible mechanism of molecular imprinting at the surface

Scheme 1 A schematic
illustration for the molecular
imprinting mechanism on MIP-
MWNT@SnS,/GCE

MWNT

[Fe(CN)q*>

[Fe(CN)ql*

of MWNT@SnS, is illustrated in Scheme 1. The
MWNT@SnS, as electrode material was used to signifi-
cantly increase the electron transfer efficiency and surface
area of the sensor, which resulted in an improvement of the
sensitivity. Simultaneously, the polymeric film with
imprinted sites showed ability to selectively bind BAP
target molecules. Finally, MIP-MWNT@SnS, was suc-
cessfully applied for convenient, rapid, sensitive, and
selective detection of trace BAP in vegetable and fruit
samples.

2 Experimental
2.1 Chemicals and reagents

MWNTs were purchased from Shenzhen Nanotech Port
Co., Ltd. (Shenzhen, China) (www.nanotubes.com.cn).
Tin(IV) chloride pentahydrate (SnCly-5H,0O), thioac-
etamide (TAA), CHIT, BAP, indole-3-acetic acid (IAA),
6-benzyloxypurine (BOP), 6-benzylguanine (BG), kinetin
(KIN), m-topolin (MT), roscovitine (ROSC), olomoucine
(OLO), and bohemine (BOH) were obtained from Sigma-
Aldrich  (China) (www.sigmaaldrich.com/china). All
reagents were of analytical grade and used without further
purification. Stock solution of 0.01 M BAP was prepared
with absolute ethanol and diluted before the measurements.

2.2 Instrumentation

Electrochemical measurements were performed using an
CHI 660D electrochemical workstation (Shanghai, China),
and the data were recorded using a conventional three-
electrode system with a MIP-MWNT@SnS,-modified
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GCE as working electrode, Pt wire as counter electrode,
and saturated calomel electrode as reference electrode.
X-ray diffraction (XRD) analysis was carried out using a
Rigaku TTR-III X-ray diffractometer, with the Cu Ko
radiation (A = 1.5406 A) as the X-ray source and a
monochromator, positioned in front of the detector. Scan-
ning was performed over a 260 angle ranging from 10° to
70° with a speed of 2° min~" and step rise of 0.05. Raman
spectrum (Renishaw inVia Raman microscope) was
recorded on the condition of 514 nm Ar ion laser excitation
at 6 mW for 50 s. Energy-dispersive X-ray (EDX) spec-
trum and field emission scanning electron micrographs
(SEMs) were obtained using a Hitachi S-4800 microscope.
Field emission transmission electron microscopy (TEM)
characterizations were performed on a Tecnai G2 20
S-twin transmission electron microscope operating at
200 kV, for which each sample was prepared by dispersing
it in ethanol and drop-casting onto a 200 mesh copper grid
coated with holey carbon.

Liquid chromatography-tandem mass spectrometry
(LC-MS) method was employed for comparison purpose
[4]. A chromatography apparatus, Agilent 1200 (Agilent
Technologies, Santa Clara, CA, USA), consists of an
autosampler module, a degasser, a binary pump, a column
heater/selector and a MS detector from the same provider
was used. The column was an Agilent XDB-C18 (1.8 um,
50 mm x 4.6 mm). The mass detection was achieved with
an LTQ XL ion trap (Thermo Fischer Scientific, San Jose,
CA, USA), equipped with heated electrospray ionization
(HESI-II) probe.

2.3 Preparation of MWNT@SnS,

First, the MWNT was acid-treated according to previous
report [30]. 1.0 g of MWNT was refluxed in 30 mL HNO3
(65 wt%) at 140 °C for 6 h. After being rinsed with large
amount of water to a neutral pH values, the MWNT was
collected by filtration and dried at 60 °C for further use. In
a typical procedure of MWNT@SnS, [31], 0.05 g acid-
treated MWNTs were added to 10 mL absolute ethanol and
the MWNTs were well dispersed by completely volatiliz-
ing the ethanol through violent ultrasonication. Then,
40 mL distilled water, 1.05 g SnCl4;-5H,0, and 2.25 g
TAA were added to the MWNTSs successively at room
temperature. The resultant mixture was continually stirred
at 25 °C for 1 h and then transferred to a Teflon-lined
stainless-steel autoclave (capacity of 80 mL). The auto-
clave was sealed and maintained at 100 °C for 4 h. The
system was then cooled to ambient temperature naturally.
The final product was collected and washed with ethanol
and distilled water for six times, followed by vacuum
drying. The SnS, was also prepared according to the above
procedures without the addition of MWNTs. A suspension
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containing 20 mg MWNT, SnS,, or MWNT@SnS, and
10 mL water was prepared by ultrasonication for 2 h.

2.4 Sensor fabrication

A bare GCE with diameter of 3 mm was sequentially
polished on micro-cloth pads using 0.1 and 0.05 um alu-
mina slurries until a mirror-like surface was achieved.
Then, the GCE was thoroughly rinsed with water and
consecutively sonicated for 1 min in ethanol/water (1:1,
v/v) and water, the electrode was dried at room
temperature.

CHIT solution was prepared by dissolving 100 mg
CHIT in 10 mL aqueous acetic acid (1 wt%) at room
temperature. Afterward, 1.0 mL of 15 mM BAP was mixed
with 1 mL CHIT solution and 1 mL MWNT@SnS, sus-
pension by ultrasonic agitation for 30 min, followed by
magnetic stirring for 1 h. A black and homogeneous
solution of BAP-CHIT-MWNT @SnS, was obtained. 4 pL.
of the solution was spread evenly on the surface of a GCE
with a syringe and allowed to evaporate water in air to form
BAP-CHIT-MWNT@SnS,/GCE. Finally, the MIP-
MWNT@S8nS,/GCE was obtained by immersing BAP—
CHIT-MWNT@SnS,/GCE in absolute ethanol for 40 min
to completely remove the BAP molecules, creating the
specific-binding cavities. As a control, non-imprinted
polymer sensor (NIP-MWNT@SnS,/GCE) was also fab-
ricated using the same procedure mentioned above, but
excluding BAP from the CHIT solution. In order to exhibit
the unique properties of MWNT@SnS,, the imprinted
CHIT film modified GCE (MIP/GCE) was also prepared.
These electrodes were stored at room temperature before
use.

2.5 Preparation and determination
of vegetable and fruit samples

Vegetable samples (soybean sprout, mung bean sprout,
potato, and tomato) and fruit samples (pear and apple) were
obtained from the local markets. Five gram of each sample
was homogenized and extracted with 25 mL ethyl alcohol
with ultrasonic treatment for 30 min [32]. Then, the
supernatants were taken, filtered through a 0.45 pm
membrane, and finally concentrated to 5.0 mL. The
obtained sample extracts were stored at 4 °C before being
determined by this sensor and LC-MS method directly.
The concentration of BAP in these samples could be
obtained from standard addition method.

2.6 Electrochemical measurements

The cyclic voltammetry (CV) and electrochemical impe-
dance spectroscopy (EIS) were carried out in 2.0 mM
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K3Fe(CN)g as a probe in 0.2 M PBS (pH 6.5). The cyclic
voltammograms were recorded between —0.2 and 0.6 V at
a scan rate of 100 mV s™'. The impedance measurements
were carried out at a potential of 0.2 V over the frequency
ranging from 0.1 Hz to 100 kHz, using an alternating
voltage of 2 mV. The differential pulse voltammetry
(DPV) measurements were performed in 0.2 M PBS (pH
6.5) containing 0.5 mM K3Fe(CN)g in a potential range of
—0.2 to —0.5 V, a amplitude of 50 mV, a pulse width of
0.2 s, and a pulse period of 0.5 s. All experiments were
conducted at room temperature. All experiments were
performed in sextuplicate, and curves were fitted by using
the average values of all replicates.

3 Results and discussion
3.1 Characterization of MWNT @SnS,

The surface composition of the MWNT@SnS, was ana-
lyzed by EDX. The result shown in Fig. la reveals that C,
Sn, and S coexist in the product. According to the integral
area of Sn-S, the atomic ratio of Sn/S is about 1:2.1, which
is close to stoichiometric ratio of pure SnS,.

The crystalline phases of the as-prepared MWNT @SnS,
were confirmed with XRD (Fig. 1b). The strong peak
locates at 20 = 26.05° and a weak peak locates at
20 = 42.77° are observed and, respectively, correspond to
the (002) and (100) diffraction patterns of typical graphite
[33], which indicate that the MWNT keeps well graphiti-
zation degree after the coverage of SnS,. Moreover, seven
diffraction peaks are also observed at 20 of 14.81°, 28.55°,
31.89°, 50.29°, 52.32°, 56.03°, and 58.79° corresponding to
the (001), (100), (101), (110), (111), (103), and (201)
reflections of the hexagonal crystalline SnS, with lattice
constants a = 3.649, ¢ = 5.899 A [34], which are in good
agreement with the values in the standard card (JCPDS no.
23-0677). This product has a high purity because no
impurity peaks are observed, which is in accordance with
the EDX analysis.

Raman measurement is a simple and powerful technique
for confirmation of the formation of MWNT @SnS, struc-
ture. In the typical Raman spectrum of Fig. lc, the peaks
near 1350 and 1581 cm ™" are the D and G bands, respec-
tively. The D band is related to disordered sp>-hybridized
carbon atoms containing vacancies, or other symmetry-
breaking defects. And the G band is related to graphite E,
symmetry of the interlayer mode reflecting structural
integrity of sp>-hybridized carbon atoms. Furthermore, the
extent of carbon-containing defects can be evaluated by the
intensity ratio of G band-D band (Ig/Ip) [35]. Therefore,
HNO; treatment results in high-purity MWNT by remov-
ing amorphous carbon and metallic impurities from the
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Fig. 1 EDX analysis (a), XRD pattern (b), and Raman spectrum
(¢) of MWNT@SnS,

purchased MWNT. This is further testified by the presence
of strong 2D band at about 2697 cm™' in the
MWNT @S8nS,, because the 2D band is originated from the
two-photon elastic scattering process, which is always used
as an indication of the purity of carbon nanotube. In
addition, a strong peak at 311 cm™' corresponds to Alg
mode that appears in the MWNT@SnS, spectrum [36],
indicating the formation of SnS, on MWNT surface.

The morphology of the MWNT@SnS, was observed
using SEM. Figure 2a certainly indicates that the high-
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Fig. 2 a, b SEM images of MWNT@SnS,. ¢ TEM image of MWNT. d—f TEM image of MWNT@SnS,

structured MWNT @SnS, nanotubes form a dense network.
The encapsulation of MWNT with SnS, shell is clearly
shown in Fig. 2b, which displays the good distribution of
MWNT in the SnS, matrix without any agglomeration. The
SnS, coating appears to be quite uniform, which may help
to separate the MWNT in the final compound due to their
large scale.

TEM micrographs of the acid-treated MWNT and
MWNT@S8nS, are presented in Fig. 2c—f. Consistent with
the manufacture provided data, the acid-treated MWNT
(Fig. 2c) consist of long individual tubes with diameters
ranging from 18 to 25 nm, up to micrometer lengths and
smooth surface. Almost no trace of other carbon impurities
is detected. After surface modification of MWNT with
SnS,, the diameters of the MWNT increase to 54—-61 nm
(Fig. 2d), providing evidence that SnS, is successfully
loaded on the surface of MWNT. Moreover, the MWNT do
not suffer any structure destruction after being modified
with  SnS,. Therefore, outstanding physicochemical
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properties of MWNT can be maintained after surface
modification. The TEM image in Fig. 2e shows the SnS,
nanoflakes with about 14 nm are dispersed uniformly on
the outer MWNT walls. The close interaction between
SnS, nanoflakes and MWNT in the contact interface can be
found, which will be favorable to enhance the electron
transfer rate of the sensor. Figure 2f displays the high-
resolution TEM image of the top view of SnS, nanoflakes
coated on the MWNT surface. It can be seen that the
interplanar distance of 0.32 nm is in agreement with the d-
spacing of (100) planes of the hexagonal SnS,.

3.2 Electrochemical characterization of the MIP
sensor

Cyclic voltammetric behaviors at bare GCE and different
modified GCE were recorded in PBS solution (pH 6.5)
containing 2.0 mM Kj3Fe(CN)g to confirm the stepwise
fabrication process of the MIP sensor, the results are shown
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Fig. 3 Cyclic voltammograms (A) and electrochemical impedance
spectra (B) of the bare GCE (a), MWNT/GCE (b), SnS,/GCE (c),
MWNT@SnS,/GCE (d), BAP-CHIT-MWNT@SnS,/GCE (¢), MIP-
MWNT@SnS,/GCE (f), and MIP-MWNT @ SnS,/GCE after incuba-
tion in 10 uM BAP (g) in PBS (pH 6.5) containing 2.0 mM
K;Fe(CN)g. Scan rate is 100 mV s~

in Fig. 3A. As observed in curve a, a couple of typical
redox peaks attributing to K3Fe(CN)g appear on the bare
GCE, and the change of redox peak currents is used to
investigate the change in electrochemical resistance to
characterize the electrochemical behavior of MIP sensor.
On a MWNT film modified GCE (curve b) and SnS, film
modified GCE (curve c), the redox peak currents of Kj.
Fe(CN)g have evident increase. The obvious increase in the
redox peak currents demonstrates that an efficient catalytic
reaction occurs in the MWNT and SnS, film. After the
surface of GCE is functionalized with core/shell-structured
MWNT @S8nS,, an increment of redox peak current is seen
in curve d when compared with the values at the bare GCE,
MWNT/GCE, and SnS,/GCE, which can be ascribed to the
good electrical conductivity and high surface-to-volume
ratio of MWNT@SnS, film. Furthermore, the core/shell
architecture maximizes the SnS,-support interaction
through the three-dimensional contact between the SnS,
nanoflakes and the MWNT, thereby facilitating the electron
transfer and thus increasing its rate. Curve e shows the
cyclic voltammogram of BAP-CHIT-MWNT @SnS,/GCE

in the same solution. The result indicates that the presence
of BAP hinders K;Fe(CN)g from getting access to the
surface of GCE, so this modified electrode before template
removal is almost non-conductive. After the removal of
BAP molecules from BAP-CHIT-MWNT@SnS, film
through washing the modified electrode with ethanol, the
MIP-MWNT @SnS,/GCE is obtained and its electro-
chemical behavior is studied and recorded as curve f. When
compared with curve e, the redox peak currents shown in
curve f enhance evidently and almost equal to the peak
heights in curve d. The embedded BAP molecules that
hinder the electron transfer of MIP-MWNT @SnS,/GCE
are removed, which implies that lots of imprinted cavities
are produced in the imprinted membrane. These cavities
can be used as channels for the diffusion of [Fe(CN)6]3_/4_
and enhance the redox reaction activity of [Fe(CN)6]3_/4_
ion pair on the MIP sensor surface. In order to investigate
the determination of BAP, the process of rebinding was
conducted. The curve g in Fig. 3A shows the CV response
of the MIP sensor after incubation for 12 min in the
presence of BAP at 10 uM. The lower peak currents can be
found through a comparison with curve f, attributing to the
occupation of imprinted cavities by BAP molecules after
rebinding step.

EIS was further used as an efficient tool to investigate
the interface properties of modified electrodes. The Nyquist
diagrams of various modified electrodes in the presence of
2.0 mM K;3Fe(CN)g in pH 6.5 PBS solution are shown in
Fig. 3B. In electrochemical impedance measurements, the
electron transfer resistance (R.;) during the modification
process can be reflected by the semicircle diameter at high
frequencies, and a linear part at low frequencies is relative
to the diffusion control process. The simple electrical
equivalent circuits in the inset of Fig. 3B are used to fit the
impedance diagrams. As shown in curve a of Fig. 3B, the
bare GCE displays a small semicircle (R, = 327.6 Q). In
an attempt to find out the effect of core/shell structure on
the catalytic activity of MWNT@SnS,, the EIS data
obtained for MWNT/GCE (curve b), SnS,/GCE (curve c),
and MWNT@SnS,/GCE (curve d) were compared. The
results exhibit that R, for MWNT/GCE and SnS,/GCE are
229.1 and 121.5 Q, respectively, much lower than that for
bare GCE. After modification of the GCE with
MWNT @SnS,, an almost straight line in the Nyquist pot is
displayed, which corresponds to the characteristic diffu-
sion-limiting process known as Warburg element. The
value of R, for the MWNT @SnS,/GCE is calculated as
81.40 Q, which means that the MWNT @SnS, core/shell-
structured nanocomposite has excellent electric conducting
property. Subsequently, when the BAP-imprinted CHIT-
MWNT@SnS, film is coated on the GCE surface, as
shown in curve e, the semicircle of the BAP-CHIT-
MWNT @SnS,/GCE increases dramatically, and the value
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of R, increases to 1776 Q, indicating that the MIP film
before the removal of BAP molecules forms a barrier on
the surface of GCE which can block the electron transfer
between [Fe(CN)6]37/47 ion pair and the GCE. The elec-
tron transfer resistance of the MIP sensor reduces contrarily
(R = 191.9 Q) when the template BAP molecules are
removed from the imprinted film (curve f), suggesting that
the reserved specific recognition cavities after the removal
of template molecules enhance the electron transfer sig-
nificantly. When BAP molecules are selective rebound on
the MIP membrane, as shown in curve g, the R, (i.e., 568.9
Q) is higher than that of the MIP-MWNT @SnS,/GCE.
This can be attributed to the reason that the re-adsorbed
BAP molecules on the surface of electrode hinder the
electron transfer once again. The results are in accord with
that obtained from the CV scanning in Fig. 3A.

3.3 Confirmation of BAP molecules in imprinted
film

In order to confirm the existence of BAP molecules in
imprinted films, DPV of BAP-CHIT/GCE, BAP-CHIT-
MWNT @S8nS,/GCE, MIP-MWNT @ SnS,/GCE, and NIP-
MWNT @S8nS,/GCE were recorded in the PBS (pH 6.5)
solution as a supporting electrolyte, respectively, as shown
in Fig. 4. An oxidation peak at 0.98 V, which reveals the
typical peak of BAP, can be seen clearly both in curves a and
b for BAP-CHIT/GCE and BAP-CHIT-MWNT@SnS,/
GCE, indicating that BAP molecules have been embedded
into the imprinted membrane. As expected, the oxidation
peak current in curve b increases significantly compared
with curve a, attributing to the core/shell structure of
MWNT@SnS, nanomaterial, which maximizes the inter-
action through three-dimensional contact between the
MWNT core and the SnS, shell, therefore exhibiting

16
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Fig. 4 Differential pulse voltammograms of BAP-CHIT/GCE (a),

BAP-CHIT-MWNT @SnS,/GCE (b), MIP-MWNT@SnS,/GCE (c),

and NIP-MWNT@SnS,/GCE (d) in PBS (pH 6.5). Amplitude is
50 mV, pulse width is 0.2 s, and pulse period is 0.5 s
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excellent electrocatalytic effect and good conductivity for
the electron transportation. Furthermore, the SnS, shell
offers protection to the MWNT core from coagulation and
undoubtedly increases the effective electrode surface area
for BAP binding. After immersing into absolute ethanol for
40 min, there is no peak observed for the MIP-
MWNT@S8nS,/GCE (curve c), suggesting that the BAP
template molecules embedded in the MIP film can be totally
removed by washing with absolute ethanol. In the case of
NIP-MWNT @SnS,/GCE, no oxidation peak is observed
(curve d). The results are ascribed to large amount of
recognition cavities for BAP in the MIP-coated
MWNT @SnS,, while NIP-coated MWNT@SnS, has no
recognition cavities for binding BAP. The non-printed films
were expected to be less porous than the imprinted film,
since the extracted template left more cavities and revealed
the pores in the film. The porosity enhanced the diffusion of
template into the film and could promote the binding within
the film.

3.4 Optimization of the experimental parameters

The electrochemical activity of BAP templates is poor, so
the “gate-controlled” method with K;Fe(CN)g as the probe
is used here to improve the determination sensitivity. After
the extraction of BAP template molecules, the electron
transportation of K;Fe(CN)g can be realized easily using
the imprinted cavities as channels. However, some cavities
will be blocked by the adsorbed BAP molecules after the
rebinding process. Consequently, the electrochemical
redox signal derived from the K;Fe(CN)q system can be
controlled by using the extraction and rebinding of BAP
template molecules as a switch. By the aid of the “gate-
controlled” method, the redox current of K;Fe(CN)g is
indirectly related with BAP template concentration, and the
magnified response is achieved. Herein, Al = Iy — I, I,
and I, are the currents when the concentrations of BAP are
0 and ¢ pM in MIP-MWNT @SnS, film.

The influence of K3Fe(CN)g solution with different pH
values of 5.8-8.0 on the electrochemical behavior of MIP-
MWNT@SnS,/GCE toward BAP (10 pM) was studied
with DPV technique. As shown in Fig. 5a, a maximum
electrochemical response current is observed at pH 6.5.
Thus, pH 6.5 PBS was adopted in subsequent experiments.

The effect of MIP-MWNT @SnS, amount was studied in
the range of 2—-6 pL (Fig. 5b). The electrochemical response
current increases when the amount of MIP-MWNT @ SnS,
changes from 2 to 4 pL. Further increase of MIP-
MWNT@SnS, on electrode surface leads to a gradual
decrease of peak current. The imprinted amount of BAP
molecules increases with the amount of MIP-MWNT @ SnS,
increasing, and therefore more cavities are produced. But
overmuch MIP-MWNT @SnS, on electrode surface results
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in the increase of resistance and the reduction of electro-
chemical response current. Furthermore, the template
molecules are difficult to be removed completely from the
excessively thick MIP membrane. Therefore, 4 uL. MIP-
MWNT@SnS, was a balanced point and was modified on
the GCE surface.

Only if the template molecules are removed completely
from the imprinted film, high sensitivity, selectivity, and
reproducibility of the sensor can be obtained. Various
eluents including methanol, ethanol, acetic acid, and their
mixture were optimized for removing BAP from the
imprinted film because H-bond is the main binding force
that combines the imprinted film and BAP template
molecules. The results reveal that the BAP molecules are
prone to remove completely and the imprinted cavities can
maintain integrity and stability when the ethanol is used as
eluent. Therefore, absolute ethanol was chosen as the
optimum eluent for BAP template removal. Furthermore,
the extraction time was investigated (Fig. 5c). The value
for I. gradually increases and reaches a maximum at about
40 min and then remains stable over 10 min, which means
that the BAP template molecules are washed out at about
40 min in the absolute ethanol. As a result, an extraction
time of 40 min was selected for all subsequent analysis.

The influence of incubation time on the electrochemical
response current was also considered in the range of
2-16 min (Fig. 5d). It is found that the electrochemical
response current increases gradually when extending

incubation time from 2 to 12 min. Then it keeps almost
unchanged, which indicates the readsorption of BAP is
saturated. Thus, 12 min was chosen as incubation time so
that the BAP solutions had enough time to reach saturated
adsorption.

3.5 Selectivity, repeatability, reproducibility,
and stability of the MIP-based electrochemical
sensor

The selectivity of MIP-MWNT @SnS,/GCE was checked
with some analogs, such as TAA, BOP, BG, KIN, MT,
ROSC, OLO, and BOH were chosen as objective mole-
cules to study their influence on this MIP-based electro-
chemical sensor. As shown in Fig. 6, 10-fold concentration
of TAA, BOP, BG, KIN, MT, ROSC, OLO, and BOH
hardly cause any evident change of peak current for the
MIP-MWNT @SnS,/GCE (signal change <5 %), indicat-
ing a good selectivity of this MIP film for BAP.

The repeatability of this MIP sensor was investigated at
a BAP concentration of 10 uM with the same MIP-
MWNT@SnS,/GCE. The relative standard deviation
(RSD) of 1.14 % for 10 DPV measurements is calculated,
which indicates the satisfactory repeatability of the sensor.
Additionally, 10 repeated MIP-MWNT @SnS,/GCEs were
prepared under the same conditions, and the reproducibility
was also studied after incubation of the MIP-
MWNT@SnS,/GCE in 10 uM BAP. The RSD was
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Fig. 6 DPV responses on MIP-
MWNT@SnS,/GCE for 1.0 uM
BAP present in binary mixture
(1:1) with structural analogs:
indole-3-acetic acid (IAA),
6-benzyloxypurine (BOP),
6-benzylguanine (BG), kinetin
(KIN), m-topolin (MT),
roscovitine (ROSC),
olomoucine (OLO), and
bohemine (BOH)

s OVe

BG

ROSC

calculated to be 2.42 %, implying acceptable interelectrode
reproducibility. In order to evaluate the stability of this
MIP sensor, it was stored at room temperature over 20
days, and no significant change of peak current was
observed in the same experimental condition. It retained
96.8 % of its original response. Moreover, the response of
MIP film for BAP hardly changed after 5 min of ultra-
sonication. All measurements show the excellent stability
of this MIP sensor.

3.6 Electrochemical detection of BAP
Under the optimized conditions for the proposed MIP sensor,
differential pulse voltammograms of BAP with different

concentrations were recorded at the MIP-MWNT @SnS,/
GCE. Figure 7 shows the dependence of the electrochemical
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response on the concentrations of BAP. Owing to the occu-
pation of imprinted cavities by BAP template molecules, the
1. decreases with the increasing BAP concentrations, and
inclines to be stable at high concentration of BAP. The inset
of Fig. 7 displays that the Al is linear with logarithm of BAP
concentration over a range from 0.1 nM to 10 mM with the
regression equation: Al (uA) = 8.007 4 1.351 logc (unit of
¢, tM) (r2 = 0.996). The detection limit is 50 pM based on
the 35,/S rules [37], where S, represents the standard devi-
ation of the peak currents of the bland solution (n = 6) and
S represents the slope of the calibration curve for BAP. The
electrochemical methods for the determination of BAP have
been summarized in Table 1. Compared with the other
electrochemical sensors for the assay of BAP, the excellent
sensitivity and wide linear range are observed for this pro-
posed sensor.
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Fig. 7 Differential pulse voltammograms of 0.5 mM K;Fe(CN)g in
pH 6.5 PBS at the MIP-MWNT@SnS,/GCE after interaction with
different concentrations of BAP solution. Concentration of BAP
(from a to n): 0, 0.1 nM, 1.0 nM, 5.0 nM, 0.1 uM, 1.0 uM, 5.0 uM,
10 uM, 50 pM, 0.1 mM, 0.5 mM, 1.0 mM, 5.0 mM, and 10 mM.
Other conditions are as in Fig. 4

3.7 Determination of BAP in real samples

In order to study the practical applicability of the proposed
MIP sensor, the content of BAP in vegetable and fruit
samples including soybean sprout, mung bean sprout,
potato, tomato, pear, and apple was analyzed, and the
results are shown in Table 2. BAP in different samples was
detected with the MIP-MWNT@SnS,/GCE based on
standard addition method. Each sample was determined for
six times and the RSD was not higher than 3 %, revealing

good precision. The results were also compared using LC—
MS and are also tabulated in Table 2. The results show that
the two methods are in good agreement and the MIP-
MWNT @SnS,/GCE can be used for accurate determina-
tion of BAP in these samples. Otherwise, the average
recovery of the MIP-MWNT @SnS,/GCE toward BAP in
these samples ranges from 91.0 to 103 %, validating the
good recovery and practicability of the developed MIP
sensor.

4 Conclusions

In conclusion, the development of a simple molecular
imprinting procedure to prepare a BAP-imprinted voltam-
metric sensor based on a GCE modified with molecularly
imprinted CHIT-MWNT@SnS, composite film was
described here. Due to the excellent electrocatalytic
activity and high conductivity of MWNT@SnS, and the
selective recognition of CHIT with BAP, the prepared
sensor exhibited enhanced response for the electrochemical
oxidation of BAP. This sensing platform not only showed
significant improved sensitivity by the strategy of gate-
controlled electrocatalytic effect, but also offered the
advantages of convenience, long-term stability, and effi-
cient assay in target detection, which were essential for the
BAP detection in food safety monitoring. Moreover, this
strategy was employed to detect BAP in vegetable and fruit
samples successfully, which could further be expected to

Table 1 Comparison of different electrodes for the determination of BAP

Modified electrodes Linear ranges Limit of detection References
Carbon nanotube/GCE 40 nM-10 uM 5.0 .M [18]
Carbon nanotube-dicetyl phosphate/GCE 50 nM-2.5 uM 20 nM [19]
Acetylene black—dihexadecyl hydrogen phosphate/GCE 20 nM-5 utM 5.0 ;M [20]
Pt/ordered mesoporous carbons/GCE 50 nM-24 uM 5.0 nM [21]
MIP-MWNT@SnS,/GCE 0.1 nM-10 mM 50 pM This work

Table 2 Detection and recovery of BAP in vegetables and fruits

Samples Detection Recovery test
By this sensor (uM) RSD (%) By LC-MS (uM) Relative error (%) Spiked (uM) Found (uM) Recovery (%)

Soybean sprout 2.58 1.6 2.54 1.6 3.00 242 93.7
Mung bean sprout  5.25 1.7 5.31 —1.1 5.00 4.75 95.0
Potato 0.186 3.0 0.182 2.2 0.200 0.182 91.0
Tomato 0.0504 3.0 0.0511 —1.4 0.0500 0.0513 103
Pear 0.692 23 0.688 0.58 0.700 0.684 97.7
Apple 0.463 2.4 0.452 2.4 0.500 0.508 102
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be used in fabrication of various MIP-based electrochem-
ical sensors by replacing BAP with other template mole-
cules for chemical/biological detections.
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