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This study presents a new electrochemical sensor based on a molecularly imprinted polymer (MIP) modified
boron doped diamond (BDD) electrode (MIP/BDD electrode) for the quantitative determination of
sulfamethoxazole (SMX). This MIP/BDD electrode is prepared by in situ electro-polymerization of pyrrole
(Py) on the BDD electrode in the presence of SMX. This sensor based on the MIP/BDD electrode
performs a linear response for SMX from 0.1-100 pM with a limit of detection of 24.1 nM (S/N = 3) and a
highly reproducible response (2.32%). The detection of SMX in surface water samples spiked at different
concentration levels performs satisfactorily at a recovery of 96.0-106.2%. Furthermore, this sensor
exhibits a superior selectivity to recognize SMX molecules even compared with other structural

analogues (SDM, SD and SlIZ). This high-selectivity determination originates from the imprinted sites of
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Accepted 3rd February 2015 e m which have the advantages of appropriate cavity size and homologous functional groups for

the specific recognition of SMX molecules. This specially designed sensor offers a simple, selective,
DOI: 10.1039/c4ay03055a sensitive, reliable, stable and environmentally friendly approach for SMX determination, providing a

www.rsc.org/methods responsible strategy for effective SMX analysis in environmental water.
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Introduction

Antibiotics and synthetic antimicrobial agents are widely used
in the treatment of human infections, as well as in agriculture,
animal husbandry as veterinary drugs and growth promoters.'™
These chemical compounds are inevitably discharged into the
environment mainly by disposal of domestic sewage, expired
medicines, urine and faeces in non-metabolized forms or
coupling with polar molecules.>” The residue of the antibiotics
and synthetic antimicrobial agents in the environment has
resulted in the bacterial resistance, which could seriously affect
the human health and ecological balance. It has been regarded
as one of the major threats to public health on a worldwide scale
by the World Health Organization.®*** Among these antimicro-
bial agents, sulfamethoxazole (SMX, 4-amino-N-(5-methyl-3-
isoxazolyl) benzene sulphonamide) is one of the most typical
antimicrobial agents due to its common use,”** which is
reported with acute toxicity, chronic toxicity,” mutagenic
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activity’® and even potential endocrine disruption.*® Therefore,
the development of a selectivity assay for SMX with high
sensitivity is significant in the supervision and management of
its discharge.

The traditional methods for SMX detection, such as bio-
analysis, immunoassays and chemical-physical methods, are
limited by time-consuming, nonspecific, expensive equipment,
tedious sample pre-treatment and use of organic solvents.”>*
In comparison with the traditional methods, electrochemical
sensors based on various functional electrodes possess the
following advantages: rapid response, low cost, simplicity and
environmental friendliness.>**” In the electrochemical detec-
tion processes, the accuracy and efficiency are dependent on the
electrode materials. A boron doped diamond (BDD) electrode is
a kind of environmentally friendly carbon electrode with
significant advantages,”®** such as wide electrochemical
working potential window, high mechanical strength and
corrosion resistance, high resistance to deactivation and long
term response stability, and low and stable background current.
BDD has been reported to simultaneously detect SMX and
trimethoprim (TMP, with a quite different structure from SMX)
based on the mechanism of electrochemical mineralization.*
However, the selectivity based on the mineralization mecha-
nism is influenced by the presence of other sulphonamides
which contain the same parent structure as SMX (Fig. S11), such
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as sulfadimethoxine (SDM), sulfadiazine (SD) and sulfafurazole
(S1Z). They exhibit analogous electrochemical oxidation behav-
iours which result in the overlapped oxidation peak potentials.**
Hence, it is important to develop a rapid and environmentally
friendly electrochemical sensor for the selective and sensitive
determination of SMX with a low LOD.

In recent years, molecularly imprinted polymers (MIPs) have
been investigated as selective sorbent materials in sample pre-
treatment due to their excellent selectivity for the template
molecule.**?* In the fabrication process of MIPs, the spatial
structure of imprinted cavities, matching with template mole-
cules, is formed by the interaction between the template
molecule and functional monomer. The imprinted cavities can
selectively recognize the template molecules through the
“antigen-antibody” mechanism which can distinctly improve
the selectivity for the target molecule.* The conductive MIP has
been widely used to improve the sensitivity and selectivity
performance of sensors.*®*” The conductive MIP provides a
number of imprinted cavities and enhances the ability of elec-
tron transfer from the binding sites to the electrode surface.’®*
Therefore, the selectivity and sensitivity of electrochemical
sensors based on the BDD electrode could be significantly
improved by the conductive MIP modified processes, which has
not been reported until now.

The present study aims to develop a reliable and stable
electrochemical sensor based on the MIP/BDD electrode for
selective and sensitive determination of SMX in surface water.
This MIP/BDD electrode is fabricated by in situ electro-poly-
merization of pyrrole (Py) in the presence of SMX. The detection
condition is optimized for SMX detection. The selectivity of
this sensor for SMX is investigated with other sulphonamides
as interferents. The “antigen-antibody” mechanism of this
SMX detection ensures the high selectivity of the detection.
Furthermore, the electrochemical sensor based on the MIP/
BDD electrode is performed for the determination of SMX in
surface water spiked at different concentration levels.

Experimental
Preparation of BDD electrodes

A microwave plasma chemical vapor deposition (MPCVD)
process is used to deposit BDD on the Si (111) substrate. A
mixture of CH,, diluted B,Hs (by H,) and H, is used as the
source gas, wherein the concentrations of CH, and B,H, are
0.5-2.0 vt% and 0.05-0.2 vt%, respectively. During the deposi-
tion process, the total flow rate, the pressure of the chamber,
substrate temperature and deposition duration are 100 sccm,
6 kPa, 480 °C and 8 h, respectively.

Modification of the BDD electrode by in situ electro-
polymerization of MIPs

The BDD electrode is cleaned by ultrasonic treatment first in
ultrapure water, then in the solution mixed with isopropyl
alcohol and acetonitrile (1 :1 v/v). The electrode is dried by
argon gas before electro-polymerization. The MIP film is
obtained by electro-polymerizing Py on the surface of the BDD
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electrode via a cyclic voltammetry (CV) process (operating
parameters:*® from —0.6 V to +1.8 V, 50 mV s~ ', phosphate
buffer solution (PBS)). In the PBS, SMX acts as a template
molecule, Py acts as a functional monomer and cross-linking
agent. In order to elute the template molecule (SMX) from
the MIP, the MIP/BDD electrode is immersed in 1.0 M NaOH
and stirred for 60 min. The control experiment (non-imprinted
polymer modified electrode, NIP/BDD) is prepared under
the same experimental conditions without the template mole-
cule SMX.

Characterization

The general morphology of the MIP/BDD electrode is charac-
terized by field emission scanning electron microscopy (FESEM,
Hitachi S-4800). The Raman spectrum is obtained from a
Renishaw Micro-Raman System 2000 Spectrometer operated at
He-Ne laser excitation (wavelengths 623.8 nm and laser power
35 mW) with a beam spot size of about 2 pm. X-ray diffraction
(XRD) is used to identify the crystal of the MIP/BDD electrode.

Electrochemical experiments are performed on an electro-
chemical workstation (CHI 650B) at room temperature in a
conventional three-electrode electrochemical cell (5 c¢cm in
depth and 3 cm in diameter). The MIP/BDD electrode acts as the
working electrode with a geometric area of 1 cm?. A platinum
electrode and a saturated calomel electrode (SCE) are used as
the control and reference electrode, respectively. To charac-
terize the electrochemical properties of the electrodes, CV
experiments are performed in the voltage range of 0.25-0.5 V at
a scan rate of 50 mV s~ in the solution of 0.1 M KCl containing
1 mM Fe(CN)g> /4™,

Quantitative analysis of SMX

The determination of SMX is performed in PBS (10 mL) using
square wave voltammetry (SWV) from 0.55 to 0.97 V. The
amplitude, frequency and increment of potential are 25 mV,
10 Hz and 4 mV, respectively. The peak current is recorded as
Ineak at 0.88 V. A steady blank current (Iyjank) is recorded under
the same conditions without SMX in PBS. The value of Iani
minus . is calculated and defined as the response current
(AI). After the experiment, the electrode is immersed in 1.0 M
NaOH solution and stirred for 60 min to elute the SMX from the
imprinting sites on the surface of the electrode.

The surface water is obtained from a lake in Dalian, China
(Table S17). Prior to the sample analysis, the lake water sample
is pre-treated by the following processes. First, the lake water
sample is filtered by suction filtration (0.2 um) to exclude the
effect caused by suspended particles and microorganisms.
Then, the filtered water sample is used to prepare PBS (pH 7.0).
The pre-treated water sample is kept at 4 °C.

Results and discussion

Modification of the BDD electrode by in situ electro-
polymerized MIPs

The MIP/BDD electrode is obtained by in situ electro-polymeri-
zation on the surface of the BDD electrode using CV in a
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potential range between —0.6 V and +1.8 V (Fig. 1). The oxida-
tion peak at about 1.03 V is clearly observed in the process of
electro-polymerization and visibly disappears in subsequent
cycles. It suggests that the Py molecules are successfully electro-
polymerized on the surface of BDD. The electro-polymerization
of the SMX imprinting polypyrrole (Ppy) film process is
described as follows (Scheme 1).

Py molecules lose an electron to form cation radicals on a
BDD anode. Then cation radicals collide with each other to form
a Ppy dimer which can subsequently combine with other cation
radicals in the system to form the Ppy film. SMX anions diffuse
into BDD under the common action of an electric field and
electrostatic interactions with Py cation radicals. The N atoms of
Ppy can act as not only an electron receptor but also an electron
donor to form non-covalent bonds with SMX to form the SMX
MIP film.** And in the MIP film, the transfer of the 7 electron in
the conjugated structure of Ppy makes the polymer film
conductive in the electric field. Then, the free Py molecules on
the MIP/BDD electrode are removed by PBS (pH 7.5), and the
template molecules are removed by breaking the hydrogen
bonds in the elution step.

Effect of pH, template concentration, cycles and monomer
concentration on MIP electro-polymerization

In order to obtain the optimal conditions of electro-polymeri-
zation of MIPs on the BDD electrode, an orthogonal experiment
is designed with 4 influence factors which are pH, template
concentration (cgmx), electro-polymerization cycles and mono-
mer concentration (cpy,), and 4 levels are set for each influence
factor (Table S27). The response currents (AI) to 100 uM SMX
measured by the prepared MIP/BDD electrodes are used to
evaluate the performance of each MIP/BDD electrode. The
results of the orthogonal experiment (116 (4%)) are investigated
by the range analysis (Table S37). It shows that the effect of the
factors on Al is in the order of cgux, cpy, PH, cycles and the
optimized conditions of the electro-polymerization. The results
are analyzed as follows (shown in Fig. S27).

1.5F

ok 1st cycle
e |
=
~ o5} 5th cycle
]

0.0

-0.5 0.0 0.5 1.0 1.5
Potential / V

Fig. 1 Cyclic voltammogram for in situ electro-polymerization of Py
(40 mM) on BDD in PBS (pH 7.5) containing 20 mM SMX (scan rate
50 mV s~ 5 cycles).
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Scheme 1 Schematic diagram for fabrication of the MIP/BDD
electrode.

The quantity of the imprinted sites increases with the
increase of SMX concentration. On the other hand, the intact
conjunction cavities in Ppy fail to form in the electro-polymer-
ization reaction with high concentration SMX due to the
competition effect of excessive SMX. The experimental results
prove that the AJ to cspx on the MIP/BDD electrode is dramat-
ically reduced when the cgyx is over 20 mM. The optimization of
the concentration of the functional monomer Py and the CV
cycles are performed in a series of experiments. The thickness of
the MIP film, as well as the imprinted sites, increases with the
cpy and CV cycles. Meanwhile, the sites are also covered by the
newly formed Ppy. The AI reaches the maximum value under
the conditions of 40 mM Py and 5 cycles. As an amphoteric
compound, the existing form of SMX depends on the pH of the
system (Scheme 2). SMX dissociates into negatively charged
anions when the pH of PBS is higher than pK,, (5.6).** There-
fore, different PBS solutions (pH 7, 7.5, 8 and 9) are used as the
electrolyte solution in the electro-polymerization, in which SMX
anions can diffuse into the anode in the electric field. And the
largest AI to SMX is obtained at pH 7.5. Summing up the above,
20 mM SMX, 40 mM Py, pH 7.5 and 5 cycles are chosen as the
optimum conditions for the following in situ electro-polymeri-
zation experiment.

Characterization of the MIP/BDD electrode

The intensity ratio of sp® and sp” hybridization peaks and the
full width at half maximum (FWHM) of the sp® hybridization
peak are used to evaluate the BDD material. As shown in Fig. 2,
there are sharp and narrow sp® hybridization peaks at
1332 cm ™' in the Raman spectrum of all the electrodes. And
there are broad sp” hybridization peaks in the range of 1400-
1650 cm™ ' in the Raman spectrum of MIP/BDD, non-eluted
MIP/BDD and NIP/BDD. It is caused by the conjugate structure
of the Ppy film which is composed of a large number of sp>

H;N' H,N H,N

pKa, pKa,
e BERS
0
045\40 +H* 04540 TH 0//s<
N g N

Scheme 2 Schematic diagram for equilibrium of SMX (pK; = 1.7 and
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Fig. 2 Raman spectrum of different electrodes.

hybridized carbon atoms. It can be speculated that the Ppy film
is successfully polymerized on the BDD surface. The strong sp*
hybridization peak in non-eluted MIP/BDD (NEMIP/BDD) and
NIP/BDD may be caused by residual Py or SMX molecules.

The morphology of MIP/BDD and BDD is characterized by
FESEM. As shown in Fig. 3(a) and (b), BDD is continuous and
uniform, and the size of the diamond grain is in the range of
0.2 to 1 um. In Fig. 3(c) and (d), the BDD particle is uninjured
in the process of electro-polymerization. Compared with BDD
in Fig. 3(a) and (b), the details (stripe and etching spots) on the
surface of the BDD particle are covered by the MIP film, and
bright edge and wrinkles are shown on the MIP film. BDD is
completely covered with a layer of continuous MIP film. In
addition, the MIP film on the BDD edge is observed to be
thicker than that on the surface. Due to the smaller curvature
radius of the edge, the charge density and the electro-poly-
merization reaction here are stronger which results in a
thicker MIP film.

XRD analysis is performed to investigate the BDD crystal,
which is shown in Fig. S3.1 Compared with the standard XRD
spectrogram of diamond (PCPDF card no. 65-0537), the
diffraction peaks at 44° and 75.4° correspond to (111) and (220)

Fig. 3 FESEM images of (a and b) BDD and (c and d) MIP/BDD.
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lattice planes of diamond, respectively. The stronger diffraction
peak at 44° proves that the diamond (111) is the dominant
growth direction in BDD. The BDD crystal structure of all the
electrodes is not influenced by the electro-polymerization
process, and the MIP film consisting of Ppy or Ppy/SMX is
weakly bonded as non-crystalline polymers. All the above points
suggest that the structure of BDD is not changed by the process
of in situ electro-polymerization.

The electrochemical performance of the MIP/BDD electrode
is tested by the CV method. Detection based on the MIP/BDD
electrodes is a signal acquisition process of currents produced
by specific binding between the MIP and target molecule SMX,
which can interfere with the electron transfer of the redox
reaction on the bare BDD electrode. So the complete coverage by
the MIP film on the BDD electrode is significant to make sure
that the electrical signal is completely acquired from specific
binding. So the redox activity of the electrodes is investigated by
CV of Fe(CN)¢>~*~. As shown in Fig. 4, compared with that on
the BDD electrode, the reversible redox peaks of Fe(CN)g>~/*~
on MIP/BDD and NIP/BDD electrodes disappeared. It demon-
strates that no redox process occurred, so the BDD electrode is
completely covered by the MIP film. It is also consistent with the
characterization results of the Raman spectrum and FESEM.

Detection of SMX

In order to investigate the influence of pH in the process, three
kinds of pH (faintly acid (pH 6.0), neutral (pH 7.0) and alka-
lescence (pH 9.0)) are set for the determination of SMX. As
shown in Fig. S4,T the Al in PBS (pH 7.0) is almost twice that in
PBS (pH 6.0 and 9.0). Therefore, PBS (pH 7.0) is chosen in the
following detection experiments. As shown in Fig. 5(a), the
response current on the MIP/BDD electrode gradually increases
with the increase of the SMX concentration. The results are in
conformity with the linear relationship for the concentration
range 0.1-100 uM. The calibration curve is shown in Fig. 5(b)
with a correlation coefficient of 0.9997. The linear regression
equation is as follows:

150 —.- BDD —
ol —MIPBDD
I =5 NIPBDD /T 7

I/ mA

100 7 T ==, . /'

-150

1 1 1 1 1
-100 0 100 200 300 400 500

Potential / mV

Fig.4 CVresponses of 1.0 mM Fe(CN)g>~/4~in 0.1 M KCl at a scan rate
of 50 mV s* on MIP/BDD, NIP/BDD and BDD electrodes.
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Fig. 5 SWV responses (a) and calibration curves (b) of varying
concentrations at the MIP/BDD electrode in PBS solution (pH 7.0)
(n=6).

y =0.31422x + 0.00717, R =0.9997, n = 6

The LOD of this assay is calculated to be 24.1 nM (S/N = 3),
which is much lower than other electrochemical detection
methods (Table 1).

The reliability of this sensor is evaluated by repetitive
experiments (n = 6). The RSD is 2.32% for the Al measured in 50
UM SMX standard solution which demonstrates the reliability of
the assay. After 30 days (in a glass desiccator at room temper-
ature), the value of AI is approximately 96.7% of the original
value. It verifies the excellent stability of the MIP/BDD electrode.

Table 1 Comparison of different methods

Technique LOD Description  References
Immunoassay 10 ng mL™" 18
Spectrophotometric 0.34 pg mL ™" 19
Capillary electrophoresis 0.1 umol L™* 20
HPLC 80 ng mL ™" 24
Electrochemistry 65.1 nmol L~' BDD 30

24.1 nmol L' MIP/BDD This study

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 SWV responses in the presence of SMX (50 uM), SDM (500 uM),
SD (500 uM) and SIZ (500 puM) at the MIP/BDD electrode in PBS
solution (pH 7.0), respectively.

SMX

Specificity of the sensor

To evaluate the selectivity of this electrochemical sensor, the
anti-interference experiments are performed with three kinds of
structurally similar sulphonamides (SDM, SD and SIZ) as
interferents. In a typical experiment, the electrochemical
process based on the MIP/BDD electrode is conducted with
50 uM SMX, 500 pM SD, 500 uM SIZ and 500 uM SDM in PBS
(pH 7.0), respectively. As shown in Fig. 6, the A for SMX (50 uM)
is 15.71 pA, while it is 1.67 pA for SDM (500 uM), 1.26 pA for SD
(500 uM) and 1.82 pA for SIZ (500 uM). It is obvious that the
sensor exhibits good selectivity which is attributed to the
specificity of MIPs toward SMX based on the “antigen-anti-
body” mechanism. The imprinted cavities with appropriate size
provide homologous functional groups for the specific recog-
nition of SMX molecules.

Detection of SMX in lake water samples

In order to evaluate the feasibility of its potential in the real
aquatic environment, this electrochemical sensor based on
MIP/BDD is applied to detect SMX in lake water samples. SMX
in the pre-treated lake water sample is detected by this sensor. It
is found that the SMX content in the lake water is too low to be
detected by this sensor. Hence, SMX in the samples spiked at
three different concentrations is detected. The analytical results
for the samples spiked with 0.5-30 pM of standard SMX are
given in Table 2. The recovery is in the range of 96.0-106.2%,
which indicates that the developed assay can be performed for
the accurate determination of SMX in real samples.

Table 2 Recoveries of SMX spiked from lake water samples

Standard value Recovery  RSD

Sample of SMX (M) Found (uM) (%) (%, n = 5)
Lake water 0.5 0.48 96.0 2.65
5.0 5.31 106.2 1.29
30.0 31.28 104.3 3.94

Anal. Methods, 2015, 7, 2693-2698 | 2697
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Conclusions

A new electrochemical sensor based on a MIP/BDD electrode is
developed for selective and sensitive electrochemical detection
of SMX in surface water. This sensor based on the MIP/BDD
electrode displays a good reliability (2.32%), excellent recogni-
tion selectivity and low LOD (24.1 nM). More importantly, this
sensor performs a high recovery (96.0-106.2%) for the spiked
detection of SMX in real water samples. The above advantages
may be attributed to the imprinted sites on the surface of the
MIP/BDD electrode. This electrochemical sensor for selective,
sensitive, reliable and stable detection of SMX in surface water
provides a firm basis for the supervision and management of
SMX in the environment.
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