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ABSTRACT: The overuse of antibiotics in aquaculture and
pharmaceuticals and their subsequent leaking into the environment
have been demonstrated to be a potential route for creating
antibiotic resistance in bacteria. In order to assess the impact of this
problem and take regulatory measures, it is necessary to develop
tools that allow for the detection of antibiotics in environmental
samples in a routine, low-cost manner. In this study, we integrated
gold nanoparticles (AuNPs) into a molecularly imprinted polymer
(MIP) membrane to fabricate a new sensor for the detection of
norfloxacin in pharmaceuticals and aquaculture samples. The
receptor layers were characterized by scanning electron microscopy,
electrochemical impedance spectroscopy, and Raman spectroscopy.
The results of these studies demonstrate that the addition of
AuNPs to the polymer network enhanced the sensor sensitivity by at least a factor of two. The MIP−AuNPs sensor has a low
detection limit (0.15 ng/mL, S/N = 3) with a wide linear range and very high sensitivity. The selectivity of the fabricated sensor was
measured in the sample containing other antibiotics (like chloramphenicol, ciprofloxacin, and levofloxacin). Rapid and precise
norfloxacin detection in pharmaceutical compounds and fishpond water samples indicates that the fabricated sensor has the potential
to be used for routine screening of aquacultures and pharmaceutical processes.

1. INTRODUCTION
For many years, antibiotics have been widely used for the
prevention and treatment of human and animal diseases.1

Norfloxacin (NOR), a second-generation fluoroquinolone type
antibacterial, is a common antibiotic that has been abused in
medicine and animal husbandry because of its large-spectrum
antimicrobial activity against various pathogenic Gram-
negative and Gram-positive bacteria such as gentamicin-
resistant Pseudomonas.2 NOR has been usually used for the
treatment of some infections in both humans and animals for
many years.3 However, it may lead to some side effects
including headache, depression, dizziness, nausea, and
vomiting. Although it is no longer available in the US since
2014,4 there are a lot of reports of the residue of NOR in
medicine in the rest of the world.5,6 Of importance, NOR is
difficult to degrade in the environment. Meanwhile, only a low
NOR concentration can upgrade the residence of bacteria.6

Up to now, many analytical techniques have been developed
for the measurement of NOR concentration, namely, high-
performance liquid chromatography (HPLC),7 coupled gas
chromatography−mass spectrometry,8 ion mobility spectros-
copy,9 surface-enhanced Raman scattering,10 and TeraHertz

spectroscopy.11 Although most techniques can perform
excellent stability with accuracy, they require costly equipment
and a complex sample preparation process and need to be used
in a lab environment. These techniques are therefore not
suitable to be deployed on a large scale in the field to screen
samples and take preventive and regulatory measures. Thus, it
is necessary to develop new techniques that allow for highly
sensitive, rapid, low-cost, and efficient detection of NOR.12,13

The key to creating a good biosensor is coupling a suitable
read-out methodology to a specific receptor layer that is able to
detect the target with limited cross-selectivity observed.
Molecularly imprinted polymers (MIPs) are a class of synthetic
receptors that have been demonstrated to be extremely useful
for biosensor applications due to their inherent selectivity.14
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MIPs are typically made by creating a cross-linked polymer
network around the analyte of interest, often via free radical
polymerization. After removing the analyte or template,
nanocavities will be introduced in the bulk of the polymer or
the surface of a polymer film that is complementary in size and
shape to the template but also have a complementary
distribution of functional groups due to molecular interaction
during the polymerization process.15,16 The binding sites
created in these cavities result in an affinity and selectivity of
the MIPs for their target that is similar to that of natural
receptors such as antibodies or enzymes. The approach has
been used extensively to create receptors for MIP-based
sensing for a wide array of targets ranging from small chemical
substances to large biological entities.17,18 Despite the fact that
bioreceptors are generally still superior in terms of binding
affinity and selectivity, MIPs have several advantages including
their thermal and chemical stability, nearly unlimited shelf-life,
and their ethical, low-cost, and straightforward synthesis
process.19,20

MIPs have been used extensively as synthetic receptors in
biosensor platforms for antibiotics by combining them with
thermal, optical, colorimetric, and gravimetrical transducer
principles.21,22 However, the combination of MIPs with
electrochemical readout techniques has proven to be
particularly interesting due to the low detection limit (LoD)
that can be achieved and the commercial success of
electrochemical biosensors.23 In this work, we, therefore,
developed a MIP-based electrochemical sensor for the
detection of NOR in real samples. To boost the sensitivity
of the sensor, we deposited the MIP layer onto a screen-
printed carbon ink electrode (SPCE) and doped the MIP layer
by introducing gold nanoparticles (AuNPs), in which AuNPs
were integrated into the MIP layer by two methods. The two
methods are simple, inexpensive, and easy to conduct, which
may lead to the trend in the development of biosensors based
on the MIP technique. The fabrication process could be
monitored in a stepwise fashion using electrochemical
impedance spectroscopy (EIS) as the morphology changes at
each step, thereby altering the double-layer capacitance and
charge transfer resistance at the interface. For electrochemical
sensors, especially EIS sensor, the conductivity of the electrode
has a substantial impact on the sensor’s sensitivity.
Furthermore, the self-assembled monolayer (SAM) film
formed from p-ATP molecules is considered to be more stable
and conductive than others like o-ATP and m-ATP. To create
high conductivity MIP membranes, the 4-aminothiophenol (p-
ATP) monomer was chosen. In addition, thanks to the low
oxidation of p-ATP, electropolymerization can be carried out
at a low voltage.24 As a result, electrochemical procedures have
a negligible influence on biomolecules. Furthermore, the amine
functional groups of poly(aminophenol) were expected to
make a specific bond with the target. The performance of the
sensor in rebinding the template in complex samples was also
assessed using EIS, illustrating the positive effect of doping the
MIP layer with AuNPs. The resulting sensor was demonstrated
to have a LoD of 0.15 ng/mL and a wide linear range that
proves the platform could potentially be used for the rapid and
on-site screening of environmental and aquaculture samples for
the presence of bacteria.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Apparatus. In this work, all

chemicals and reagents were highly purified (>99%) and

utilized without any purification. NOR, mono para-amino-
thiolphenol (p-ATP), and tetrachloroauric(III) acid trihydrate
(HAuCl4·3H2O) were purchased from Sigma-Aldrich, Ger-
many. Deionized (DI) water had a resistance of more than 18
MΩ•cm. Phosphate-buffered saline (PBS) with a concen-
tration of 100 mM was prepared from potassium phosphates
(K2HPO4 and KH2PO4) and sodium chloride (NaCl) in DI.
Potassium hexacyanoferrate(II) (K4Fe(CN)6) and potassium
hexacyanoferrate(III) (K3Fe(CN)6) with concentrations of 5
mM were prepared in 0.1 M KCl solution for EIS
measurements. NOR was dissolved in 1% acid acetic
(CH3COOH) to obtain different concentrations. Ethanol
and distilled water were used for washing electrodes.
The electrodes used for sensor fabrication are screen-printed

carbon electrodes (SPCEs) from BioDevice Technology,
Japan. The structure of this electrode chip consists of three
electrodes, including a carbon-ink working electrode with an
area of 2.64 mm2, a counter electrode (carbon ink), and a
reference electrode (Ag/AgCl ink), integrated on a plastic
substrate. All electrochemical measurements were conducted
using a potentiostat (Ivium Technologies, Netherlands).
In addition, scanning electron microscopy (SEM) (NANO-

SEM450, Netherlands) and Raman spectroscopy (Renishaw
inVia Raman, wavelength of 633 nm) were used to analyze the
surface characteristics of the sensors.

2.2. Sensor Fabrication. 2.2.1. Preparation of AuNPs/
SPCE. The working electrode of the SPCE chip was modified
by AuNPs via the cyclic voltammetry (CV) technique.25,26 In
particular, 35 μL of PBS solution (pH 7.4) containing 100 μM
HAuCl4 was dropped on the surface of the electrode. Then, the
potential range from −0.6 to 0.5 V versus Ag/AgCl was applied
for 20 cycles to fabricate AuNPs on the electrode surface. Next,
the electrode was continuously scanned in the solution of 1 M
H2SO4 with a potential range from −0.2 to 1.4 V versus Ag/
AgCl for five cycles to clean the electrode and remove the gold
oxide layer. Then, the obtained AuNPs/SPCE chip was washed
with distilled water twice and dried with N2.
2.2.2. Preparation of SAM (p-ATP)/AuNPs/SPCE. The

AuNP-coated SPCEs were immersed in a 50 mM p-ATP
monomer solution for 15 h at room temperature in a dark
room. During the process, a SAM of p-ATP molecules could be
formed on the electrode surface via the binding of the thiol
−SH group of p-ATP with AuNPs. As a result, the electrode
was coated with a p-ATP SAM with the −NH2 groups facing
outward to the solution [SAM (p-ATP)/AuNPs/SPCE]. The
−NH2 group, with high biocompatibility, easily forms covalent
bonds with −COOH and acts as an oxidizing target to create
the main chain and a crosslinker in the polymerization process.
Furthermore, the SAM of the p-ATP molecule shows better
stability and electrical conductivity than other isomers of
aniline like o-ATP and m-ATP.
2.2.3. Attaching NOR Molecules to the SAM (p-ATP)/

AuNPs/SPCE. To immobilize NOR molecules onto the SAM,
35 μL of PBS solution containing 1% NOR and 1% acetic acid
was dropped on the electrode surface. Then, a static potential
of −0.6 V versus Ag/AgCl was applied for 600 s. In this step,
the amine functional groups of NOR molecules were
protonated. As a result, the NOR molecules were drawn
close to the electrode surface. Also, they were bound to the
SAM by electrostatic attraction at a constant negative
potential.
2.2.4. Polymerization of NOR-MIP onto AuNPs/SPCE. The

solution used for polymerization consisted of 10 mM p-ATP
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monomer and 2.5 mM NOR in 100 mM PBS buffer. 35 μL of
this solution was dropped onto the prepared electrode and the
CV technique with an applied potential range of from −0.2 to
+0.6 V versus Ag/AgCl with a scan rate of 50 mV/s was carried
out in 20 cycles. The polymer film was formed through the
conjugated polymer bonding of the electron pair of the
nitrogen atom of the p-ATP molecule, forming a poly-
(aminothiophenol) chain with an alternating structure between
a phenyl ring and a nitrogen-containing functional group. In an
environment with a pH of 6.6, the N atoms were protonated to
a certain extent, creating charge carriers that form in the
polymer matrix, making the polymer-MIP film conductive.
During the polymerization process, NOR molecules and the p-
ATP molecules of the polymer network formed specific
binding sites through non-covalent interaction. The amine
group of the polymer could react with the hydrogen and
oxygen groups in the template through hydrogen bonding.
Additionally, the −N and −CH3 group of NOR could interact
with the −H and −NH2 groups of p-ATP, respectively. To
extract the template, the electrode was then washed with
ethanol and twice with distilled water and dried with N2.
Furthermore, AuNPs were doped into the polymer network

to enhance the signal of the sensor by two different
approaches. In the first method, a large amount of HAuCl4
was added to the polymer solution. At a reduction potential of
−0.45 V versus Ag/AgCl, Au was reduced and immediately
embedded in the polymer network during polymerization.
Therefore, we selected the potential range for polymerization
from −0.5 to 0.6 V versus Ag/AgCl. For the second
methodology, a quantity of 10 nm gold particles was bound
to the p-ATP monomer in the polymer solution and then
polymerization was carried out with the voltage swept from
−0.2 to 0.6 V versus Ag/AgCl.
2.2.5. NOR Extraction. To remove the NOR molecule from

the polymer-MIP, we dripped 35 μL of 1 M HCl onto the
electrode obtained in the previous step and applied a static

potential of 0.6 V versus Ag/AgCl for 600 s. The process of
extraction of NOR molecules from the polymer network can
be explained based on the electrostatic interaction. When a
constant positive potential was applied to the electrode in a
strongly acidic medium, the −OH groups and the −NH2
groups were protonated, leading to weak bonds that were
easily broken. The utilization of positive voltage boosted the
breaking of the bond between the NOR molecule and the
polymer network faster. After the extraction step, the artificial
bio-receivers of the NOR molecule were created by MIP
technology (NOR-MIP). The electrode was then carefully
rinsed with ethanol and twice with distilled water and dried
with a stream of N2. Next, the electrode was immersed in a 100
mM PBS solution (pH 6.8) to stabilize it. The scheme for the
fabrication of the NOR-MIP/AuNPs/SPCE sensor is shown in
Figure 1.
A non-imprinted polymer (NIP) sensor (NIP/AuNPs/

SPCE) was fabricated using the same process as the NOR-
MIP/AuNPs/SPCE without introducing the template during
polymerization.

3. RESULTS AND DISCUSSION
3.1. Characteristics of the NOR-MIP/Au/NPs/SPCE. In

this part, we examined the characteristics of the sensor after
each modification step to confirm the successful fabrication of
the sensor. The most important feature of the sensor is the
formation of a polymer layer with specific imprinters. Figure 2a
represents the CV curve during the polymerization procedure.
The results show that the current response decreases after each
scan and there is a clear oxidation peak at +0.24 V versus Ag/
AgCl due to the polymerization of the p-ATP monomer.27 In
the first cycle, there was a large number of monomers reacting,
leading to the largest response current (4.9 μA). Throughout
each cycle, the response current at the oxidation peak
decreases (the response current at the second cycle is 3.5

Figure 1. Scheme for the fabrication of the NOR-MIP/AuNPs/SPCE sensor. Step 1: modification of the working electrode of the SPCE chip by
AuNPs via the CV technique (AuNPs/SPCE); step 2: modification of AuNPs/SPCE by a SAM of p-ATP molecules [SAM (p-ATP)/AuNPs/
SPCE]; step 3: attaching NOR molecules to the SAM (p-ATP)/AuNPs/SPCE; step 4: polymerization of NOR-MIP onto AuNPs/SPCE; and step
5: NOR extraction to create NOR-MIP/AuNPs/SPCE sensor.
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μA), indicating that the amount of monomer decreases,
leading to a decrease in the response current. NOR molecules
were not involved in the polymerization process, and so, their
structure was not affected.
Figure 2b shows the SEM images of the morphologies of the

electrode after 20 scans. It can be seen that there are many
small and uniform light spots on the surface of the electrode,
which are AuNPs. However, these spots are quite faint because
of a thin film covering the electrode. Based on a uniform SAM
membrane of p-ATP molecules on AuNPs/SPCE, the outward
−NH2 groups of the SAM membrane will crosslink with each
other to create a polymer network. Due to the thin layer of the
MIP membrane, we can easily remove the NOR molecules
from the polymer network to create specific cavities. These
results confirm that a dense polymer layer can be formed on
the AuNP-modified SPCE using CV.
Figure 2c shows the EIS analysis of the electrode after each

modification step. The values of RCT were calculated based on
the equivalent Randle circuit. For the bare carbon-printed
electrode, the value of RCT is very high (12.0 kΩ). This value
was significantly reduced to 0.8 kΩ after modification with
AuNPs. This implies that the AuNP layer increases the charge
transfer capacity of the electrode, thereby decreasing the
charge transfer resistance. Polymerization of the p-ATP

monomer on the AuNPs−SPCE results in a very small
semicircle in the Nyquist plot, resulting from p-ATP’s
conductivity thereby further reducing the charge transfer
resistance. Then, after extraction of the NOR molecules, the
charge transfer resistance slightly increases again but remains at
very small (0.3 kΩ). Due to the thin MIP layer, NOR
molecules were removed from the membrane easily. As a
result, a network of holes was formed, which caused the
membrane to become uneven, thereby slightly increasing the
value of the charge transfer resistance. However, the cavities
allow for the diffusion of the redox probes and the transfer of
charge to the electrode smoothly. When the analytes and the
specific cavities were recombined together, the number of
empty cavities decreased. As a result, the transport of electrons
to the substrate is more difficult, leading to an increase in the
RCT. The difference in the charge transfer resistance (ΔRCT)
value before and after the NOR molecule recombined with the
cavities was selected as the sensor output signal.
Figure 2d represents the Raman spectra of the fabricated

sensor recorded after each modification step. First, in the
Raman spectrum of a carbon-printed electrode, there are two
peaks recorded at 1580 and 1337 cm−1, corresponding to
oscillations of the C−C bond in the carbon lattice (G-band)
and defects in the carbon lattice (D-band), respectively.28,29

Figure 2. (a) CV plots of the modification of AuNPs on the SPCE; (b) SEM image of the AuNP-modified SPCE; (c) EIS spectrum of (a) SPCE,
(b) AuNPs/SPCE, and (c,d) NOR-MIP/AuNPs/SPCE before and after removing NOR; and (d) Raman spectrum of the fabricated sensors.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04414
ACS Omega 2023, 8, 2887−2896

2890

https://pubs.acs.org/doi/10.1021/acsomega.2c04414?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04414?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04414?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04414?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


After forming a polymer membrane with NOR antibiotics on
the AuNPs/SPCE electrode, new peaks were recorded at 1080,
1140, 1189, and 1395 cm−1, which correspond to the polymer
membrane of the p-ATP monomers. These peaks represent the
vibration of the C−S group, the stretching of the C−H bond,
and the combination of the C−H bond stretching and the C−
C group vibration, respectively.30 The Raman peaks at 480,
840, 1420, and 1653 cm−1 are characteristic of the NOR
molecule. The first peak of 480 cm−1 represents the

combination of the C−C binding vibration and the C−N
group vibration. The second peak of 840 cm−1 defines the
symmetric vibration of the C−F group. The vibration of the
O−C−O group and the deformation of the methylene group
were recognized by the third peak of 1420 cm−1. The last peak
of 1653 cm−1 identifies the strong vibration of the C�O group
and the stretching vibration of the NH2 group due to the
influence of the piperazinyl group.31 The Raman spectrum thus
provides additional proof that NOR molecules were success-

Figure 3. EIS spectrum of (a) NOR-MIP/AuNPs/SPCE, (b) NIP/AuNPs/SPCE, (c) HAuCl4-NOR-MIP/AuNPs/SPCE, (d) AuNPs-NOR-MIP/
AuNPs/SPCE toward different NOR concentrations; and (e) calibration plot of the independence of ΔRCT on NOR concentration.
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fully imprinted into the MIP film. This is further confirmed by
the fact that there were no specific peaks of NOR antibiotics in
the Raman spectrum upon template removal.
To confirm the recombination of artificial receptors with

NOR molecules, we analyzed the Raman spectrum of the MIP-
covered electrode upon exposure to a NOR solution. The
resulting spectrum shows the aforementioned specific peaks of
NOR molecules with a lower intensity than that of the MIP
membrane. This result indicates that NOR molecules
recombined with their artificial receptors (specific imprinters).
The lower intensity of the peaks can be explained by the fact
that some of the binding cavities did not re-bind any NOR
molecules. Additionally, these peaks are absent in the Raman
spectrum of the NIP-covered electrodes. This indicates that
the peaks of NOR molecules on the MIP sensor originated
entirely from the recombination between the NOR molecules
and the compensative cavities.

3.2. EIS Spectra of the Fabricated Sensors toward
NOR. 3.2.1. Performance of NOR-MIP/AuNPs/SPCE and NIP/
AuNPs/SPCE. To assess the rebinding capacity of the sensor,
the MIP-covered electrodes were exposed to an increasing
concentration of NOR ranging from 0.32 to 31.91 ng/mL. The
resulting EIS spectra were recorded and are summarized in
Figure 3a,b (NOR-MIP/AuNPs/SPCE and NIP/AuNPs/
SPCE, respectively). The results show that the diameter of
the semicircle in a Nyquist plot of EIS (corresponding to the
RCT value) increases as the NOR concentration increases for
the MIP-covered SPCE. The increase in RCT can be explained
by the recombination of the NOR molecule with the imprinted
cavities on the surface of the electrode, which decreases
electron transport through the electrode. Based on eq 1, the
sensitivity of the sensor is calculated at 66.32 Ω/ppb.32

S
R ( )

concentration(ng/mL)
CT=

(1)

This effect on the other hand is absent for the NIP-covered
electrodes, where the RCT of NIP/SPCE increased insignif-
icantly when the concentration of NOR increased (Figure 3b).
In particular, the NOR concentration rises from 0.32 (1 nM)
to 31.91 ng/mL (100 nM), while the RCT only changes by 0.1
kΩ (compared to 2.0 kΩ for NOR-MIP/SPCE). Because
NOR-MIP/SPCE has no imprinted cavities on the surface,

there is no re-binding between NOR and the imprinted
cavities. The results indicated that the signal of NOR-MIP/
SPCE was due to the re-bonding of NOR molecules with their
imprinted bio-receptors on the surface of the electrode.

3.3. Performance of HAuCl4-NOR-MIP/AuNPs/SPCE
and AuNPs-NOR-MIP/AuNPs/SPCE. It is undeniable that
the sensitivity of the NOR-MIP/AuNPs/SPCE sensor is
relatively limited. In an attempt to increase the responsiveness
of the sensor to NOR, the layers were doped with AuNPs as
previously mentioned. The resulting EIS spectra in Figure 3c,d
show the EIS spectra of the doped MIP-covered sensors, when
exposing them to NOR in a concentration that increases from
0.32 to 31.91 ng/mL. The sensitivity values of HAuCl4-NOR-
MIP/AuNPs/SPCE and AuNPs-NOR-MIP/AuNPs/SPCE are
183.67 and 183.67 Ω/ppb, respectively. Figure 3e represents
the calibration plot of the independence of ΔRCT (calculated
by the value of RCT of the sensor at a certain NOR
concentration compared to the blank sample) on NOR
concentration. As shown in Figure 3e, the dose−response
curve displays two linear regions: (i) in the low NOR
concentration regime from 0.32 to 3.19 ng/mL and (ii) at
higher NOR concentrations are from 3.19 to 31.91 ng/mL.
The values also illustrate that doping the electrodes with
AuNPs results in a more pronounced concentration-dependent
increase in ΔRCT, further proving that the sensor with the
AuNPs-doped MIP membrane has a higher sensitivity than the
sensor without doped AuNPs.
The sensitivity of the signal to the NOR concentration was

calculated for each type of electrode and is summarized in
Table 1 to examine the effect of doping in more detail. These
data show that the sensitivity of NOR-MIP/AuNPs/SPCE is
the lowest. In addition, its linearity, R2 = 0.95 in the low
concentration region and R2 = 0.96 in the higher concentration
region is also lower. HAuCl4-NOR-MIP/AuNPs/SPCE
showed the highest sensitivity in the low concentration region
(0.32−3.19 ng/mL). However, the sensitivity in the high
concentration region was lower than that of AuNPs-NOR-
MIP/AuNPs/SPCE. Although AuNPs-NOR-MIP/AuNPs/
SPCE had lower sensitivity in the low concentration region,
it had higher linearity in both concentration regions (R2 =
0.99).

Table 1. Sensitivity and Linearity of the Fabricated Sensors for NOR Measurement in two Concentration Ranges of 0.32−3.19
and 3.19−31.91 ng/mL

0−3.19(ng/mL) 3.19−31.13(ng/mL)

sensor sensitivity (Ω/(μg mL−1) R2 sensitivity (Ω/(μg mL−1) R2

NOR-MIP/AuNPs/SPCE 326.88 0.95 37.13. 0.96
HAuCl4-NOR-MIP/AuNPs/SPCE 1011.57 0.97 78.49 0.95
AuNPs-NOR-MIP/AuNPs−SPCE 631.69 0.99 112.11 0.99

Table 2. Comparison of Different Techniques for NOR Detection

technique materials LoD (μg mL−1) detection range (μg mL−1) references

electrochemical analysis carbon nanotubes 0.016 0.032−31.913 34
ultraviolet (UV) spectrophotometry hydrochloride acid 0.67 2.0−7.0 35
visible (VIS) spectrophotometry hydrochloride acid 22.05 90−120 35
electrochemical analysis glassy carbon electrode 1.1 5−50 36
electrochemical analysis pyrrole 0.015 0.032−2.553 20
HPLC sodium starch glycolate 2.185 5−20 37
electrochemical analysis poly (amidoamine) dendrimer-encapsulated au 0.00038 0.001−10 12
electrochemical analysis AuNPs-pATP 0.00015 0.00015−0.03113 this study
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Based on these measurements, AuNPs-NOR-MIP/AuNPs−
SPCE were selected for detecting NOR concentrations in real
samples. Although the sensitivity in the low concentration
region of this sensor is not as high as that of HAuCl4-NOR-
MIP/AuNPs/SPCE, this sensor has higher sensitivity in the
high concentration region and a high degree of linearity.
In order to compare the sensitivity of the sensor to that of

other platforms in literature, the LoD was calculated for the
optimal configuration using the 3-sigma method via the
following equation

LOD
3 STDEV(blank)

slope
= ·

(2)

In which STDEV (blank) is the average error value of the
RCT of the blank and the Slope is the sensitivity calculated in
Table 1.33 Based on the equation, the LoD of the AuNPs-
NOR-MIP/AuNPs/SPCE sensor is 0.15 ng/mL. In compar-
ison with many different techniques applied for NOR
detection, the fabricated sensor has a lower detection limit as
well as a wider linear concentration range as can be seen from
the comparative analysis outlined in Table 2.

3.4. Selectivity of the Fabricated NOR Sensor.
Selectivity is one of the most crucial factors in evaluating the
quality of sensors in order to avoid false-negative results. In
this study, we examined the selectivity of the sensor in complex
samples containing other interfering antibiotics, namely,
chloramphenicol (CAP), ciprofloxacin (CF), and levofloxacin
(LEVO). We examined the sensor response at concentrations
of 3.19 ppb (10 nM), 12.76 ppb (40 nM), and 19.14 ppb (60
nM). Figure 4a presents the response in the RCT value of the
NOR-MIP sensor when exposed to pure solutions containing
these compounds. At a concentration of 12.76 ppb, the RCT
values of CAP, CF, LEVO, and NOR were 0.58, 0.50, 0.51, and
4.56 kΩ, respectively. This shows that the sensor only shows a
limited response to the analogues despite the high degree of
structural similarity to the target. This illustrates that the
sensor performs excellently in terms of selectivity.
To further assess the selectivity of the AuNPs-NOR-MIP/

AuNPs/SPCE sensor, we investigated the behavior of the
sensor in complex mixtures containing both NOR and other
antibiotics at the same concentration of 3.19 ppb (10 nM),
12.76 ppb (40 nM), and 19.14 ppb (60 nM) (Figure 4b). At a
concentration of 19.14 ppb, the AuNPs-NOR-MIP/AuNPs/
SPCE sensor measuring NOR-only, NOR-mixed CAP, NOR-
mixed CF, and NOR-mixed LEVP had RCT values of 4.59,
4.48, 4.48, 4.87, and 4.76 kΩ, respectively. The results clearly
show that there is only a minor difference between the signal of
the mixed solutions and the solution containing only NOR.
This further confirms that the sensor is highly selective.

3.5. Performance in Real Samples. The determination of
the concentration of antibiotics in pharmaceuticals is one of
the most important applications to which attention should be
paid. The fabricated AuNPs-NOR-MIP/AuNPs/SPCE sensor
was applied to determine the NOR concentration in a
pharmaceutical sample. After treatment, the drug sample was
diluted to a concentration of 1 ng/mL and analyzed for the
electrochemical signal.
Then, we measured the blank sample and obtained the

charge transfer resistance value RCT of 0.60 kΩ. Next, 2 μL of
the diluted drug solution (1 ng/mL) was dripped onto the
surface of the electrode. The change in the charge transfer
resistance value compared with the blank ΔRCT is 0.80 kΩ.

Afterward, 2 μL of different concentrations (3, 10, and 30 ng/
mL) of the diluted drug was dripped onto the electrode and
analyzed electrochemically. The results show that the value of
charge transfer resistance increased compared to the blank
sample (Figure 5a). Three sensors were measured in this way
to demonstrate reproducibility. The results show that the RCT
value changes very little (∼5%). The results were compared
with the standard curve of the sensor to determine the amount
of antibiotics in the drug (shown in Table 3). Calculating the
initial value before dilution and the average value of four
antibiotic concentrations after dilution, we calculated the value
of antibiotic concentration as 398.03 ± 0.53 mg. This value
deviates by 0.5% compared to the value provided by the
manufacturer (400 mg), which is acceptable in the
pharmaceutical industry.
To demonstrate the performance of the sensor in real-life

applications such as the detection of antibiotics in aquaculture
or environmental samples, water samples from a fishpond at a
local aquaculture farm were selected for antibiotic residue

Figure 4. Response of the NOR-MIP/EIS sensor exposed to (a) pure
solutions containing each antibiotic and (b) complex mixtures
containing both NOR and another antibiotic.
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analysis. After being treated and refrigerated, the water from
this fishpond was analyzed by electrochemical analysis via the
AuNPs-NOR-MIP/AuNPs/SPCE sensor. The charge transfer
resistance value, or RCT, of the blank sample measured, was
0.20 kΩ. Then, 2 μL of treated aquarium water was dripped
onto the sensor for 15 min and washed twice with DI water.
Next, EIS was applied to detect NOR, and the RCT value
measured was 0.22 kΩ. To verify the result, we analyzed two
other water samples prepared with the same treatment process.
The results show that the charge transfer resistance values
change very little (<0.05 kΩ). This shows that the sensor
accurately detects that little to no antibiotics were present in
the native samples. To verify if the sensor would also reliably

quantify the presence of antibiotics in this type of water
sample, the pond water samples were spiked with antibiotics
and the analysis was repeated. The samples were spiked with
four concentrations of 0.96, 3.19, 12.76, and 19.14 ng/mL.
Figure 5b shows the electrochemical characteristic curve of the
sensor after analyzing the water sample added with NOR
antibiotics. The results showed that the charge transfer
resistance values increased when standard antibiotics were
added to the aquarium water. This proves that under the actual
conditions of having many different antibiotics and complex
biological components, NOR molecules can still recombine
with their compensative cavities. The charge transfer resistance
values for three measurements displayed that the intersample
variability is very low (<5%) (Table 4).

4. CONCLUSIONS
The results presented in this study show that it is possible to
electrochemically synthesize a MIP on screen-printed carbon
electrodes and use it for antibiotic detection in real samples. In
particular, the sensor based on AuNPs-NOR-MIP/AuNPs−
SPCE is evaluated to be potential for NOR measurement
thanks to its high sensitivity, good selectivity, and LoD. Doping
the receptor layers with AuNPs improves the sensitivity by at
least a factor of 2, resulting in an impedimetric sensor that has
an ultralow detection limit and a wide linear range. The sensor
was benchmarked using a commercial narcotic compound and
is able to detect its template in relevant concentrations with
little to no intersample variability or cross-selectivity observed.
Taking its easy production process and potential for
miniaturizing into account, these results show that the
presented sensor has a large application potential in environ-
mental and agricultural screening.
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