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imprinted polymers for antibiotics containing
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Novel molecularly imprinted polymers (MIPs) designated for the solid-phase extraction of antibiotics

containing a 5-nitrofuran ring (nitrofurantoin and furaltadone) are reported. The synthesis of these MIPs

was based on commercial monomers and cross-linking agents capable of forming hydrogen bonds with

the template molecules. Thus, the designed MIPs should involve acceptable costs and easier

accessibility. Their retention properties were studied by solid-phase extraction (SPE) procedures and the

breakthrough curves were evaluated for both imprinted and non-imprinted polymers (NIPs). Due to the

presence of adsorption sites created in polymers by imprinting, the MIPs showed a significant difference

in the retention property in comparison to NIPs. The MIPs were also immobilized onto a gold electrode

surface by entrapment into a silane sol–gel matrix for the development of a sensor based on

electrochemical impedance measurements. The good mechanical adherence of the sol–gel matrix on

the gold electrode surface was achieved by formation of a self-assembled monolayer using

3-mercaptopropyl trimethoxisilane that acts as an anchoring bridge.
Introduction

Furazolidone (FZD), furaltadone (FTD), nitrofurantoin (NFT)
and nitrofurazone (NFZ) belong to the class of synthetic broad
spectrum antibiotics, containing a characteristic 5-nitrofuran
ring, which have been employed as feed additives for growth
promotion, and mainly used for livestock aquaculture and bee
colonies in the prophylactic and therapeutic treatment of
bacterial and protozoan infections.1 Nitrofuran antibiotics,
employed for the treatment of bacterial diseases in livestock
production, were banned from use in the European Union (EU)
and in numerous other countries due to concerns about the
carcinogenicity of their residues in edible tissue or the threat of
development of pathogens with antibiotic resistance.1 The
nitrofuran drugs are available for veterinary and human
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therapies, only the use for livestock production is prohibited.2–5

The presence of nitrofuran antibiotic in food still continue to be
of international concern, which are metabolized and trans-
formed in chemical species, such as 3-amino-2-oxazolidinone
(AOZ), 3-amino-5-morpholinomethyl-2-oxazolidone (AMOZ),
semicarbazide (SEM) or 1-aminohydantoin (AHD).6 European
Food Safety Agency (EFSA), has recently provided a scientic
opinion on the risks to human health related to the presence of
nitrofurans in food by taking 1.0 mg kg�1 as possible concen-
tration in which a single nitrofuran marker metabolite is
present in foods of animal origin due to insufficient data from
monitoring.7 An indication of the continuous violations is
provided by the European Rapid Alert System for Food and Feed
(RASFF)8 online database that contains more than 800 noti-
cations since 2002.7 The interest in researching the accumula-
tion of these drugs or their metabolites in different animal
tissues as well as on the analytical methods for their identi-
cation and determination is still actual concern.9,10 Comparative
new studies focused on the interaction of some nitrofuran
antibiotics with bovine serum albumin by means of uores-
cence and FT-IR spectroscopy, circular dichroism, atomic force
microscopy and molecular docking investigation showed that
the conformation of bovine serum albumin can be changed and
unfolded in the presence of nitrofurans.11

The nitrofuran antibiotics determination in various matrices
can be performed by diverse chromatographic techniques,12

which usually require a sample preparation step in order to
This journal is © The Royal Society of Chemistry 2017
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isolate and concentrate these compounds from the initial
sample. For instance, liquid–liquid extraction (LLE) and solid-
phase extraction (SPE) are among the most utilized clean-up
methods before analysis.13–15 SPE is usually based on non-
selective adsorbents,16 but some examples of using molecu-
larly imprinted polymers (MIPs) as selective adsorbents are also
known for analyte isolation and enrichment.17

MIPs are polymeric matrices obtained using the so-called
imprinting technology, which is based on the formation of
a complex between an analyte (template) and a mixture of
functional monomer a large excess of a cross-linking agent,
when a three-dimensional polymer network is formed.18

Usually, intermolecular interactions like H-bonds, dipole–
dipole and ionic interactions between the template molecule
and functional groups present in the polymer matrix drive the
molecular recognition phenomena. Thus, the resultant polymer
recognizes and binds selectively only the template mole-
cules.19,20 Up to the present, only a few MIPs for nitrofuran
compounds were produced using monomers various functional
moieties, such as (thio)urea,21 methacrylamido pyridine22 or
a combination of a diaminopyridine and (thio)urea deriva-
tives.22 In this case, nitrofurantoin was efficiently bound by
these MIPs, but also a broad spectrum of other nitrofurans were
bound at intermediate levels and a detection method based on
thermistor measurements allowed a limit of quantication of
1 ppm nitrofurantoin in acetonitrile.23 The choice of monomer
is very important in order to create highly specic cavities
designed for the template molecule.

In this paper, we present new MIPs synthetized and applied
for sample concentration and detection of furaltadone in
aqueous samples. The monomers chosen in this study have not
been used up to now for the synthesis of MIPs for nitrofuran
templates and they are commercially available. The synthesis
involved the free radical polymerization of selected monomers
with the aim of obtaining hydrogen bonding with the template
molecules. Their retention properties were studied using
aqueous sample and various desorption solvents. For this
purpose, the breakthrough curves were recorded and break-
through parameters to estimate the adsorption properties were
calculated. Their retention proved useful for application in
Fig. 1 Chemical structures of the monomers used.

Fig. 2 Chemical structures of the cross-linking agents.

This journal is © The Royal Society of Chemistry 2017
selective SPE procedures of target analyte from aqueous
samples and their determination by direct UV spectrometry. We
describe also a method for the electrochemical detection of
furaltadone using gold electrodes modied with MIPs immo-
bilized by entrapment in sol–gel structures anchored with
a SAM made with 3-mercaptopropyl trimethoxisilane and
measurements carried out by electrochemical impedance
spectroscopy (EIS).

Experimental
Materials

The monomers used for MIP synthesis: 2-hydroxyethyl meth-
acrylate (HEMA) (Aldrich), acrylic acid (AA) (Aldrich), meth-
acrylic acid (MAA) (Aldrich), N,N-diethylaminoethyl
methacrylate (DEAEMA) (Aldrich), N-vinyl pyrrolidone (NVP)
(Aldrich), N-vinyl carbazole (NVK) (Aldrich), acrylamide (AM)
(Aldrich) are presented in Fig. 1. Also, the following cross-
linking agents from Aldrich were employed in the reactions:
ethylene glycol dimethacrylate (EGDMA) (Aldrich), N,N0-meth-
ylenebis(acrylamide) (MBA) (Aldrich) and triethyleneglycol
dimethacrylate (TEGDMA) (Fig. 2).

The liquid monomers were passed through an alumina lled
column in order to eliminate the inhibitors. NVK was puried
by recrystallization from ethanol. The initiator 2,20-azobis(2-
methylpropionitrile) (AIBN) (Aldrich) was puried through
recrystallization from methanol. The solvents (Merck) were
used without any prior purication.

Synthesis

In a glass vial were introduced successively various quantities of
monomers and cross-linker, 3 mL DMF and 80 mM template
according to Tables 1 and 2. The mixture was stirred for 1 h
prior to the addition of the initiator (AIBN – 2,20-azobis(2-
methylpropionitrile)) and was heated at 70 �C for 4 h. Blank
experiments were performed in parallel in the absence of
nitrofuran template to produce the corresponding non-
imprinted polymers (NIPs).

The obtained imprinted polymers were washed with DMF
and ethanol at the end of the reaction, ltered and dried. The
RSC Adv., 2017, 7, 50844–50852 | 50845
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Table 1 Monomers amounts used for the synthesis of MIP/NIP for furaltadone

MAA DEAEMA HEMA NVK NVP EGDMA MBA

g mmol g mmol g mmol g mmol g mmol g mmol g mmol

MIP-F1 1.88 21.88 0.92 4.98 — — 0.50 2.59 — — 1.05 5.30 — —
MIP-F2 1.25 14.59 0.92 4.98 — — 0.50 2.59 0.52 4.68 1.05 5.30 — —
MIP-F3 1.25 14.59 0.92 4.98 — — 0.50 2.59 0.52 4.68 0.79 3.98 0.25 1.62
MIP-F4 1.25 14.59 0.46 2.49 2.15 16.49 — — — — — — 0.10 0.65

Table 2 Monomers amounts used for the synthesis of MIP/NIP for nitrofurantoin

AA AM HEMA NVP MBA TEGDMA

g mmol g mmol g mmol g mmol g mmol g mmol

MIP-N1 0.76 10.5 2.49 35 1.37 10.5 — — 0.54 3.5 — —
MIP-N2 1.44 20 2.84 39.97 0.52 4 — — 0.62 4 — —
MIP-N3 0.54 7.5 — — 0.97 7.5 2.78 25 — — 0.72 2.5
MIP-N4 1.08 15 — — 0.39 3 3.33 30 — — 0.86 3
MIP-N5 1.4 16.2 1.06 15 0.39 3 1.67 15 — — 0.86 3
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specic surface was increased through grinding followed by
sieving to separate particles with sizes less than 70 mm.

The removal of the template was done by Soxhlet extraction
using DMF (24 h) and water (12 h). Aer extraction, the poly-
mers were dried until constant mass.
Characterization

The FT-IR (Fourier transform infrared spectroscopy) spectra
were obtained using a Bruker VERTEX 70 Spectrometer with
ATR (attenuated total reection). Data were collected by aver-
aging 32 scans, at a resolution of 4 cm�1, from 500 to
4000 cm�1.

The polymer particles morphology was also investigated
using a scanning electron microscope, FEI Co. (model Inspect
S), 0–30 kV accelerating voltage, working distance 0–30 mm,
with ECON 4/6 EDAX, silicon (Li) energy dispersive detecting
unit. Planar images have been recorded on different locations of
the samples.

Thermogravimetric analysis (TGA) measurements were
determinate using LABSYS EVO TG-DTA/DSC 1150 �C analyzer
including: the thermally insulated TGA module with a sample
capacity of 20 g max; measuring ranges: +/� 1000 mg or +/�
200 mg; electronic resolutions: 0.2 mg/0.02 mg; the connection
module for simultaneous DTA or DSC measurement; the
furnace with metallic resistor and temperature control ther-
mocouple; temperature range: ambient up to 1150 �C max;
temperature scanning rate: 0.01 to 100 �C min�1.
SPE procedure

Retention properties of the synthetized polymers were investi-
gated with the aid of an automated SPE HT400E system
equipped with autosampler. The UV spectral measurements for
various solutions involved in SPE processes were recorded with
50846 | RSC Adv., 2017, 7, 50844–50852
a Jasco V-530 double beam spectrometer, using 1 cm quartz
cells, at room temperature.

An amount of 200 mg of the synthetized MIP/NIP was loaded
on empty SPE cartridges. These cartridges were used in SPE
procedures following the usual steps as indicated in Fig. ESI-1.†
The aqueous sample was introduced in aliquots of 2.5 mL
aqueous solutions containing 10 mg mL�1 of studied
compounds (nitrofurantoin or furaltadone). The absorbance (A)
of the eluate wasmeasured at 365 nm, and the absorbance value
was converted into concentration values, using the depen-
dences between A and the concentration (C) of studied
compounds. These dependences known as calibration equa-
tions are described by the following equations for: nitro-
furantoin: A ¼ 0.0054 + 0.0379C; and for furaltadone: A ¼
�0.0345 + 0.0519C.
Immobilization of the MIP onto gold electrodes

Prior to modication, the gold electrode surface was cleaned by
polishing with alumina (0.3 mm, Metrohm-Autolab), thoroughly
rinsed with Milli-Q water and dried with argon. The sol–gel
precursors were hydrolyzed overnight in acid solutions in order
to transform the methoxy-silane moieties into hidroxy-silane
functional groups that will polycondensate at neutral pH and
form a matrix that immobilize the MIPs on the electrode
surface. Two solutions were hydrolyzed overnight: solution (A)
for formation of a self-assembled monolayer (SAM) prepared
with 5 mLMPTS, 40 mL HCl 1mM, 55 mL H2O and solution (B) for
formation of cage structure prepared with 5 mL MTMOS, 5 mL
TMOS, 40 mL HCl 1 mM, 44 mL H2O. The cleaned gold electrodes
were immersed for 15 min in solution A diluted 400 times for
SAM formation followed by thorough rising with distilled water
and dried with an argon stream. On the electrode surface was
gently deposed and spread 3 mL of a solution prepared from 25
mL solution B, 25 mL PBS and 4 mg de MIP-F3. The electrodes
This journal is © The Royal Society of Chemistry 2017
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were le at room temperature overnight for a complete
polycondensation.
Measurement of nitrofurantoin using MIP-electrodes

Electrochemical impedance measurements were carried out
using a PGSTAT302N potentiostat/galvanostat (Metrohm-
Autolab) equipped with a conventional three-electrode cell in
a Faraday cage and controlled using Nova 1.8 soware. The
working electrode was a gold electrode with 3 mm diameter
from Metrohm-Autolab modied with MIPs using sol–gel,
reference electrode was Ag/AgCl//3M KCl (Metrohm-Autolab)
and platinum foil was used as an auxiliary electrode. The MIP-
electrode was immersed for 15 min in PBS for hydration and
surface stabilization and the impedance spectra corresponding
to the baseline was recorded. Subsequently, the MIP-electrode
was immersed for another 15 min in PBS and the impedance
spectra were recorded again to conrm baseline stability due to
unspecic electrode surface modication. The MIP-electrode
was immersed for 10 min in stirred standard furaltadone
solutions prepared in PBS and the impedance spectra was
recorded to quantify the analytical signal associated with fur-
altadone. The MIP-electrode was regenerated by immersion for
10 min in ethanol and 10 min in PBS, followed the measure-
ment of the impedance spectra to conrm the signal decrease to
the baseline (complete removal of adsorbed furaltadone). The
potentiostatic electrochemical impedance spectra measure-
ments were made in PBS containing 1 mM ferri/ferrocyanide in
equimolar ratio at open circuit potential (0.227 V) with
a superposed alternative amplitude of 5 mV (rms). Impedance
spectra were recorded for 40 frequencies logarithmically
distributed between the frequency range 9.5 kHz and 0.1 Hz.
The results were represented as Nyquist plots and interpolated
using Randles equivalent circuit where Rs is the electrolyte
resistance, Rct is the charge transfer resistance at the electrode
interface, Q is the constant phase element related to the double
layer capacitance, W is the Warburg impedance used to simu-
late the mass-transport effects in solution bulk. The variation of
the charge transfer resistance (DRct) was used for the surface
characterization and correlated with the concentration of fur-
altadone from the sample solution.
Results and discussion
Synthesis and characterization

The rst stage of our study consisted in the monomer selection
capable of forming hydrogen bonds with the template mole-
cules. In order to highlight the possible interactions different
molar ratio between the monomers were used. The possible
routes for hydrogen bonds formation between the monomers
and the template molecule are presented in Fig. 3A. Further
hydrogen bonds interactions are also possible to include the
cross-linking agents and the template molecule (see Fig. 3B).
This aims at increasing the retention capacity of the nal
imprinted polymer. Another monomer–template interaction
that was envisaged involved the free electrons of the nitrogen
atoms from the monomer, capable to interact with the electron
This journal is © The Royal Society of Chemistry 2017
accepting nitro groups of the template, as well as p–p stacking
between the furan rings and the aromatic molecules of the
monomer (Fig. 3C). In contrast to literature examples,21–23 our
MIPs design utilizes commercially available monomers and
does not require complex synthesis of highly functional
monomers. This strategy was adopted to facilitate a possible
scale-up of the process at an affordable cost.

In order to investigate the interaction between the template
the polymer, the FT-IR spectra for the MIP-F3 and its corre-
sponding non-imprinted polymer are presented in Fig. ESI-2.† A
decrease of the maximum intensity can be observed in the case
of the imprinted polymer for the signal characteristic to the
vibrations of C–O (nC–O 1160 cm�1 and 1380 cm�1), C]O (nC]O

1660 cm�1 and 1720 cm�1), C–N (nC–N 2950 cm�1) or O–H (nO–H
3380 cm�1) as well as a slight shi of the values between the
imprinted and non-imprinted sample.

The morphology analysis of MIP-F3, through SEM analysis,
revealed large polymer aggregates with a maximum size of 70
mm (Fig. ESI-3†). Due to the bulk polymerization procedure
employed and random cross-linking of the polymer, the
grinding process afforded irregular shapes and sizes for the
imprinted polymers. Similar characteristics can be observed in
the case of MIP-N3, the images being presented in the ESI
(Fig. ESI-4†).

The thermal behavior of the polymers is one of their most
important property. Thus, TGA analysis of the imprinted poly-
mer MIP-F3 with furaltadone, MIP-F3 aer furaltadone removal
and furaltadone are presented in Fig. 4A. In the case of MIP-F3
with furaltadone several decomposition steps can be observed
of which the one at 260 �C corresponds to the decomposition of
furaltadone and the polymer decomposition at 440 �C. The
thermal decomposition of MIP-F3 with furaltadone has
multiple steps due to the physical interaction between fur-
altadone and the polymer that has to be disrupted. A similar
behavior can be observed for the sample set comprised of MIP-
N3 with nitrofurantoin, MIP-N3 aer removal of nitrofurantoin
and nitrofurantoin (see Fig. 4B).
Retention properties – elution curves and breakthrough
parameters

The retention capacity of each synthetized MIP/NIP was studied
according to the usual SPE procedure, mentioned in Experi-
mental section. This capacity is described by the elution curve,
which represents the dependence of eluate concentration for
consecutive volume of aqueous samples loaded on the cartridge
containing 200 mg of each synthetized adsorbent. An ideal
shape of such curve is sigmoidal one, described by Boltzmann's
function, as depicted in Fig. 5A. Examples of such curves ob-
tained for three synthetized MIPs for furaltadone and nitro-
furantoin are depicted in Fig. 5B and C, respectively. As
a remark, the SPE elution process was made with difficulty for
another synthetized MIP, encoded by MIP-F4, whose elution
curve was not available. However, the experimental curves
deviate from the theoretical shape, but they prove the adsorp-
tion behavior of these polymers. Thus, as can be seen from this
gure, the MIPs designed for furaltadone showed a double
RSC Adv., 2017, 7, 50844–50852 | 50847
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Fig. 3 Interactions between the furaltadone template and components used for synthesis of MIP: (A) hydrogen bonds formation between the
template and monomers, (B) cross-linker capacity to form hydrogen bonds with the template and (C) other possible interaction based on
electron transfer interactions.
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sigmoid shape, which is characteristic to the retention mecha-
nism based on double retention mechanism of analyte on the
surface of adsorbent. Unlike MIPs for furaltadone, the MIPs
designed for nitrofurantoin showed breakthrough curves
described by a single sigmoid shape, which corresponds to
a unique retention mechanism of this compound from aqueous
solutions. Not shown in these gures, the curves corresponding
to the SPE study applied in the same conditions on NIPs pre-
sented only the nal plateau, leading to the conclusion they
have no retention property toward these compounds. A real
problem given by the leakage of a template molecule from the
MIP bed24 was also checked by applying volumes of 5 mL of
methanol on the cardtriges loaded with MIP (rst step of the
SPE procedure, namely cartridge conditioning, indicated in
Fig. ESI-1†), and measuring the absorbance at 365 nm, which
was each time very close to 0 (lack of template compound in
eluate solvent).

The analysis of the elution curves and the values of its
parameters, as given below, revealed that they have similar
50848 | RSC Adv., 2017, 7, 50844–50852
retention properties for the target compounds. The retention
parameters characterizing the SPE procedures using the syn-
thetized NIPs and MIPs can be estimated with the aid of three
characteristic points of the sigmoid shape breakthrough curve,
as illustrated in Fig. 5A:25,26

- VB point represents the breakthrough volume, corresponding
to a value of 1% of maximum concentration of the analyte found
in eluate; this parameter typically indicates the volume that can
be loaded on the adsorbent bed with no loose of the solutes;

- VR point represents the retention volume (given by the
inection point of retention curve), where the solute adsorption
is in equilibrium with desorption from sorbent bed;

- VM point represents the hold-up volume (maximum), which
corresponds to the volume at which analyte concentration
entering and exiting the cartridge is the same.

The experimental breakthrough curves obtained for studied
compounds given in Fig. 4B and C, can be tted by means of
Boltzmann's function (containing A1, A2, x0 and dx as regression
parameters), written as following:27
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Thermogravimetric analysis (TGA) for the synthetized MIPs. (A)
MIP-F3 with furaltadone, MIP-F3 after removal of furaltadone and
furaltadone; (B) MIP-N3 with nitrofurantoin, MIP-N3 after removal of
nitrofurantoin and nitrofurantoin.

Fig. 5 Breakthrough curves obtained for three synthetized MIPs, ob-
tained from SPE procedure using these adsorbents. (A) A theoretical
curve for comparison, (B) the curves for furaltadone and (C) the curves
for nitrofurantoin.
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Y ¼ A2 þ A1 � A2

1þ e
x�x0
dx

(1)

where Y represents the measured concentration of analyte in
eluate, x – the volume of liquid sample loaded on the sorbent
bed.

This equation can be used in calculating the value of VB, VR,
VM values according to the following relationships:27

VB ¼ x0 þ ðdxÞln
�
100

99

�
1� A1

A2

�
� 1

�
(2)

VM ¼ x0 þ ðdxÞln
�
99� 100

A1

A2

�
(3)

VR ¼ x0 (4)
This journal is © The Royal Society of Chemistry 2017
The calculated values of these parameters for three MIPs
adsorbents for each template compound given as examples are
given in Table 3. These values are similar to other synthetized
and reported sorbents in SPE procedures.28 Due to the fact that
the NIPs showed no retention property towards these
compounds, the values of these retention parameters are 0.
Experimentally, it was observed that the curves obtained for
NIPs reached themaximum (VM¼ 0) at the rst solution applied
to the loaded cartridge with these polymers, proving that these
types of adsorbents do not retain the template molecule during
the SPE procedure.

The elution curves and their calculated breakthrough
parameters pointed out clear retention property of the synthe-
tized adsorbents, and therefore can be used in analytical
procedures for sample enrichment and analyte isolation from
liquid samples. For example, knowing the concentration of the
initial solution furaltadone of 10 mg mL�1, its molecular weight
(Mw) of 324.29 g mol�1 and the adsorbent amount loaded onto
RSC Adv., 2017, 7, 50844–50852 | 50849
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Table 3 Computed values of the SPE procedure (results are expressed
in mL solution of 10 ppm analyte)

Compound Sorbent VB VR VM

Furaltadone MIP-F1 4.5 9 15
MIP-F2 4.2 9.3 14
MIP-F3 4.3 8.4 13
MIP-F4 — — —

Nitrofurantoin MIP-N1 0 7.5 20
MIP-N2 0 8 18
MIP-N3 0 7.5 18
MIP-N4 — — —
MIP-N5 — — —
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the cartridge (200 mg MIP), we calculated the retention
capacity of various synthetized adsorbents as being situated
within the interval of 3.85–4.65 mmol g�1. For nitrofurantoin
(Mw ¼ 238.16 g mol�1), the retention capacities of the corre-
sponding MIPs were calculated as varying within the interval
3–6 mmol g�1. Considering a ten-times enrichment procedure
applied then for furaltadone at lower concentration followed
the following procedure: 20 mL of aqueous samples volume at
the concentration levels (0.125; 0.25; 0.50; 1; 2 mg mL�1 fur-
altadone) were loaded on individual cartridges containing 200mg
MIP and then the analytes were eluted with 2 mL of methanol.
The absorbance of the nal solutions was measured at 365 nm.
The calibration curve for furaltadone was described by the
regression: A ¼ 0.0171 + 0.4204Cfuraltadone (where C was given in
mg mL�1); the regression coefficient r2 being 0.9975. Comparing
the slope of the calibration curve (0.4204) with that obtained by
procedure that does not useMIP enrichment (0.0519), mentioned
Fig. 6 The schematic representation of the MIP immobilization on the go
the MPTS followed by SAM formation. (B) Hydrolysis of MTMOS and TM
Note: the structure depicted in (B) is anchored on the electrode surface

50850 | RSC Adv., 2017, 7, 50844–50852
in Experimental section, we can calculate a practical enrichment
factor of 8.1. For nitrofurantoin, the same ten-times enrichment
procedure leads to a calibration curve described by the regression
equation: A ¼ 0.0061 + 0.3221Cnitrofurantoin (r2 ¼ 0.9961), with
a practical enrichment factor of 8.5.

Selectivity was checked by applying the entire SPE procedure
based on synthetized MIPs for some possible interferences due
to AOZ, AMOZ, SEM or AHD (mentioned in Introduction), which
showed that these species are not retained in the cavities of
sorbent bed, probable due to their smaller molecular dimen-
sions compared to the template molecules used to synthetize
these MIPs.

MIP-electrode for furaltadone

The stable immobilization of the MIP on the electrode surface
was achieved byMIP entrapment in a sol–gel cage like structure.
In order to assure a good mechanical linkage between the
electrode surface and the sol–gel layer it was formed a SAM
using MPTS (an organosilane that has also a thiol moiety with
affinity for gold surface) according to the Fig. 6. The sol–gel
layer deposed on the gold electrode in the absence of the SAM
does not have a good mechanical adherence and has the
tendency to peel off. We have observed that SAM has passivating
properties that impede the electrochemical charge transfer and
implicitly negatively affects the furaltadone detection by elec-
trochemical impedance measurements. Thus, we have opti-
mized the SAM formation in order to achieve a good stability of
the sol–gel layer (provided by a dense SAM) concomitant with
a suitable resistance to charge transfer (sparse SAM). Two
parameters were optimized for the SAM formation: dilution of
the MPTS solution (1/20, 1/200 and 1/400) and the electrode
ld electrode surface by entrapment in sol–gel matrix. (A) Hydrolysis of
OS followed by sol–gel structure formation around the MIP particles.
via the links of the SAM from (A).

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra10196a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
2:

10
:2

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
immersion time (1 hour, 30 min and 15 min). We have observed
that measured Rct values greatly decreases for higher MPTS
dilution and/or shorter SAM formation times, e.g. the Rct is
333 kU for SAM formation during 15 min in a diluted solution
1/20, 19.1 kU for SAM formation during 1 hour in a diluted
solution 1/200 or 2.1 kU for SAM formation during 15 min in
a diluted solution 1/400. We have considered that an optimum
SAM was obtained with a deposition time of 15 min using MPTS
solution diluted 1/400.

The MIP-electrode has a good operational stability and the
recorded analytical signals are reproducible. The stability of the
MIP-electrode was veried by recording 20 successive
measurements of the electrochemical impedance separated by
MIP-electrode washing and immersion in PBS. The relative
standard deviation of the Rct corresponding to the baseline
signal is 10% (Rct ¼ 4.6 � 0.46 kU; n ¼ 20). The Rct values
measured aer the MIP-electrode washing with ethanol and
PBS following furaltadone analysis are also similar to the initial
baseline values. Thus, we have concluded that the MIP-
electrodes may be used for multiple analyses based on their
good stability and regeneration possibility. The MIP-electrodes
were tested using standard furaltadone solutions with concen-
trations of 0.01, 0.1 and 1 ppm. The DRct values are directly
correlated with the furaltadone concentration and thus we have
demonstrated the possibility to develop a fast sensor for fur-
altadone analysis. From the few MIPs developed for nitrofuran
compounds that were previously published,21–23 only one was
study reported the development of an analytical method based
on thermistor measurements with the MIP inserted in
a column.23 The reported detection method achieved a limit of
quantication of 1 ppm nitrofurantoin in acetonitrile,23

a concentration level that is signicantly higher in comparison
with our impedimetric sensors.
Conclusions

MIPs based commercial monomers capable of interaction with
nitrofuran antibiotics were synthesized through free-radical
polymerization. The synthetized MIPs exhibited retention
properties towards the template compounds and this property
were utilized in solid-phase procedures applied to aqueous
solutions at low concentration of studied compounds. Both
synthetized MIPs, for furaltadone and nitrofurantoin, showed
selective adsorption properties for these compounds, and
analytical procedures can be developed using these sorbents
for their concentration from aqueous samples. Interestingly,
we have also demonstrated the possibility to develop impedi-
metric sensors based on MIPs that were immobilized on
gold electrodes by entrapment in a silane sol–gel matrix.
The sol–gel matrix was immobilized in a stable manner on
the gold surface using a SAM based on 3-mercaptopropyl
trimethoxisilane, a compound that has affinity for gold
surfaces provided by its thiol moieties and can bind to the
sol–gel structure through the hydrolysis of the methoxy-silane
groups.
This journal is © The Royal Society of Chemistry 2017
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