Biosensors and Bioelectronics 130 (2019) 330-337

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

Check for
updates

Development and application of a novel electrochemical immunosensor for
tetracycline screening in honey using a fully integrated electrochemical Bio-
MEMS

Nadia El Alami El Hassani®”*, Abdoullatif Baraket®, Selim Boudjaoui®,
Ernandes Taveira Tenério Neto?, Joan Bausells®, Nezha El Bari®, Benachir Bouchikhi®,
Abdelhamid FElaissari‘, Abdelhamid Errachid®, Nadia Zine®*

@ Biotechnology Agroalimentary and Biomedical Analysis Group, Department of Biology, Faculty of Sciences, Moulay Ismail University, BP 11201, Zitoune, Meknes,
Morocco

b Sensor Electronic and Instrumentation Group, Department of Physics, Faculty of Sciences, Moulay Ismail University, BP 11201, Zitoune, Meknes, Morocco

€ Université de Lyon, Institut des Sciences Analytiques, UMR 5280, CNRS, Université Lyon 1, ENS Lyon, 5 rue de la Doua F-69100 Villeurbanne, France

4 Université de Lyon, LAGEP, UMR-5007, CNRS, Université Lyon 1, 5007, 43 Bd 11 Novembre 1918, F-69622 Villeurbanne, France

€ Instituto de Microelectronica de Barcelona, IMB-CNM (CSIC) Campus UAB, Bellaterra, 08193 Barcelona, Spain

ARTICLE INFO ABSTRACT

Keywords: Tetracycline (TC) is a veterinary drug, wildly prescribed for prophylactic and therapeutic purposes.
Bio-MEMS Consequently, its remaining residues in food products have to be regularized. We report in this paper about the
Magnetic nanoparticles (MNPs) development of a novel immunosensor based on an integrated bio micro-electromechanical system (Bio-MEMS)
Immunosensor

containing eight gold microelectrodes (UWEs), an integrated silver and platinum reference and counter elec-
trodes, respectively. TC immobilization on the uWEs surface was conducted using three methods. The first
through functionalization with 4-aminophenylacetic acid (CMA), the second by functionalization with CMA
followed by preconcentration of a new structure of magnetic nanoparticles (MNPs) coated with poly (pyrrole-co-
pyrrole-2-carboxylic acid) (Py/Py-COOH/MNPs) cross-linked with Ab-TC, and the last one directly through the
functionalization with Py/Py-COOH/MNPs. The analyte was quantified by competitive detection with TC im-
mobilized on the tWEs surface toward specific polyclonal antibody (Ab-TC), using a mixture of a fixed con-
centration of Ab-TC and decreasing levels of TC one from 0.1 pgmL ™~ to 1000 pg mL~'. Microcontact printing,
followed by fluorescence microscopy characterization were performed during the functionalization of the im-
munosensor surface to certify that the corresponding immune detection process is taking place. This im-
munosensor was found to be highly sensitive with a limit of detection of 1.2 pg mL ™! and specific in the presence
of interferents. The standard addition method was exploited to detect TC in honey samples. The present im-
munosensor platform is up-and-coming for TC detection which can dramatically decrease the time of analysis
providing a new pathway for advanced immunoassays development in industrial food control.

Soft lithography
Micro contact printing
Food control

1. Introduction growth-promoting agent widely used in animal husbandry (Economou

and Gousia, 2015). Consequently, despite their proven efficacy, the

Tetracycline (TC) is a broad-spectrum antibiotic used as a veterinary
drug to prevent and to treat diseases caused by Gram-positive and
Gram-negative bacteria, atypical organisms such as Chlamydiae,
Mycoplasmas, Rickettsia, and protozoan parasites (Eliopoulos et al.,
2003). The favorable antimicrobial properties of this drug and the ab-
sence of significant adverse side effects have led to their extensive use
in the therapy of both human and animal infections (Chopra and
Roberts, 2001). Furthermore, it has been reported as the most intensely
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intensive use of this drug is no longer encouraged since its remain re-
sidues can be accumulated in the animal bones, as well as in fish, meat,
eggs, and milk, on account of the complexation of TC with Ca®*
(Nelson et al., 2010). To ensure human food safety, the European Union
(EU) has established the maximum residue limits (MRLs) for TC in
edible products and milk at 100 ugkg~*, in eggs at 200 ugkg ! and in
the liver at 300 ug kg_1 (European Commission, 1999). However, the
MRLs for TCs in honey has not yet been established by Codex, since the
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treatment of honeybee diseases with antibiotics is unallowable in the
EU (Kivrak et al., 2016). Despite banning, some countries, such as
Switzerland, UK, and Belgium still use TC treatment for hive diseases
and have established, therefore, the MRLs for TC ranging from 10 to
50 ngkg ! (Barganska et al., 2011).

However, TC residues can be successfully determined in various
food products requiring highly performing sample preparation steps.
Several analytical methods currently exist for TC detection and quan-
tification. High performance liquid chromatography coupled to mass
spectrometry (Pokrant et al., 2018), capillary electrophoresis coupled
with electrochemiluminescence (Deng et al., 2012), enzyme im-
munoassay (Gaurav et al., 2014), liquid chromatography-mass spec-
troscopy (LC-MS) (Desmarchelier et al., 2018) have been described for
confirmatory analysis. Other methodologies based on spectroscopy
analysis are described (Qin et al., 2016); unfortunately, they suffer from
a lack of sensitivity compared to chromatographic techniques (Mitra,
2004). Subsequently, Most of these approaches often require the use of
extraction techniques, such as liquid-liquid (Desmarchelier et al., 2018)
and solid phase extraction (Shi et al., 2011), in order to accomplish
both the analytes pre-concentration and sample cleanup (O’Connor and
Aga, 2007). However, the principal limitations of these steps lie in the
high costs, the long time of achievement and the requirement of ad-
vanced technical skills (Joshi and Anderson, 2012). For this reason,
simple, rapid and accurate methods are recommended for the on-site
screening of low TC residues without needing extraction or clean-up
steps. Due to their advantages of high selectivity, rapid detection, and
in-situ applications, several optical and electrochemical techniques
based on biosensors have been investigated (Lan et al., 2017). There-
fore, aptamer-based sensing techniques were widely used for the food
safety determination. Notably, there is a growing rise in the aptasensors
fabrication for the TC detection (Han et al., 2018; Tang et al., 2017)
with a few applications in honey samples (Wang et al., 2015, 2014).
Nevertheless, the main limitations of these systems are related to their
relative low detection signals (Yi et al., 2014). Furthermore, in some
recent works, the molecularly imprinted sensors had been successfully
applied to the analysis of antibiotic residues in honey samples (Bougrini
et al., 2016; El Alami El Hassani et al., 2018). This type of sensors,
however, often show relatively low sensitivity and specificity when the
imprinted membrane is fragile. Hence, on the last few decades, the
development of immunosensors grew tremendously to the detection of
drug residues in food. The use of these analytical systems has attracted
considerable attention because of the low detection limits and the high
selectivity for analyzing complex samples (Majdinasab et al., 2017). In
this regard, some immunosensors were performed for TC detection in
milk samples (Conzuelo et al., 2013; Liu et al., 2016) with the limits of
detection being 0.032, 3.9, and 0.85 ng mL™, respectively.

Herein, a novel and highly sensitive approach is proposed for the
detection of remaining TC residues in honey samples. This im-
munosensor was conducted on bio-micro-electro-mechanical systems
(Bio-MEMS) transducers based on gold micro working electrodes
(LWEs) with fully integrated, reference and counter electrodes. The
novelty of this work is related to the functionalization process of uWEs,
which was achieved through two- and three-dimensional (2D and 3D)
shapes. These functionalizations were conducted, in one hand, by
electroaddressing diazonium salt and, in the other hand, by electro-
depositing of a new structure of magnetic nanoparticles coated poly
(pyrrole-co-carboxylic acid) (Py/Py-COOH/MNPs), while combining
the two methods with a preconcentration technique. The Py/Py-COOH/
MNPs as solid supports of biomolecules, is the pioneering aspect of this
work dedicated to the combination of submicron, magnetic conducting
particles. The quantification of this analyte was performed through
competitive detection procedure with TC molecules immobilized on the
UWEs surface toward polyclonal TC antibody. The prepared im-
munosensor was successfully applied to enhance the detection limit of
TC in complex matrices such as honey.
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2. Experimental
2.1. Reagents and solutions

Tetracycline (TC), Doxycycline (DX), Oxytetracycline (OX),
Chlortetracycline (CT), 1-Ethyl-3-(3-dimethylaminopropyl)carbodii-
mide (EDC), Ethanolamine, Sulfuric acid (H,SO4) (30 wt% in H,0), 4-
aminophenylacetic acid (CMA), sodium nitrite (NaNO,), Sodium cya-
noborohydride (95%), hydrochloric acid (37%, HCl), Carbon tetra-
chloride, heptane, octadecyltrichlorosilane (OTS), Pure ethanol
(99.8%), Acetone (99.9%), Potassium hexacyanoferrate II, Potassium
hexacyanoferrate III, Phosphate buffer saline (PBS) with pH 7.4 were all
purchased from Sigma-Aldrich, France. N-Hydroxysuccinimide (NHS)
and Hydrogen peroxide (H,05) (35%, v/v) were purchased from Acros
Organics, France. 11-(triethoxysilyl)undecanal (TESUD) was purchased
from abcr GmbH, Germany. Polydimethylsiloxane (PDMS: Sylgard 184)
was purchased from Dow Corning, France. The sheep polyclonal anti-
body raised against TC (Ab-TC) was supplied by Abcam, France. A
fluorescent labeled antibody was generated by conjugation of Ab-TC
with rhodamine using the rhodamine fast conjugation kit (ab188286)
by Abcam, France. Rosemary honey sample, guaranteed tetracycline-
free was supplied by Secrets d’Apiculteur, Lyon, France. Honey sample
with an unknown concentration of TC was commercially provided.
Milli-Q ultrapure water was used in all experiments.

2.2. Procedure for inmunosensor elaboration

The development of this immunosensor was conducted by three
methods (Fig. 1). Before any functionalization, the Bio-MEMS device
surface was cleaned with ethanol in an ultrasonic bath for 10 min, dried
under nitrogen flow, then placed under UV-Ozone Cleaner—Pro-
Cleaner™ Plus from BioForce for 30 min to remove all organic con-
taminants.

2.2.1. Diazonium immobilization onto gold microelectrodes

The cleaned microelectrodes (WWEs) were functionalized by CMA
solution (3 mM) previously diazotized in an aqueous solution of HCI (20
mM) and NaNO, (20 mM) for 15 min at 4 °C. Subsequently, nine-re-
petitive cyclic voltammograms were applied from 0.3 Vto —1.0 V with
a scan rate of 80 mV s™. This was done sequentially until all desired
UWEs were modified with CMA. The carboxylic groups formed on the
electrode surfaces were activated by a mixture of 0.4 M EDC and 0.1 M
NHS, prepared in ethanol for one hour at room temperature.
Afterwards, the activated electrode surfaces were incubated in 40 pL of
TC at 100 pg mL? for 30 min at 4 °C. Then, the immunosensor was
treated with ethanolamine (1% v/v) in PBS buffer (pH 7.4) for 10 min
at room temperature. This step is crucial to prevent nonspecific bonding
phenomenon at the detection stage of TC (Fig. 1A).

2.2.2. Preconcentrating technique

The core-shell magnetic nanoparticles coated with poly(pyrrole-co-
pyrrole carboxylic acid) (Py/Py-COOH/MNPs) were exclusively syn-
thesized by (Tendrio-Neto et al., 2016) using a seeded-polymerization
technique. The morphology of these nanoparticles was already pre-
sented in our previous work (Hassani et al., 2017) using transmission
electron microscopy (TEM). Here, the magnetic nanoparticles stock
solution (100 pL) was washed three times with PBS buffer (pH 7.4) in a
magnetic field to separate the nanoparticles from the storage solution.
EDC and NHS solutions (each at a concentration of 100 mM) were
prepared immediately before use. A volume of 250 pL each of EDC and
NHS solutions were added to the washed magnetic nanoparticles and
incubated with slow rotation at room temperature for 90 min. Then, the
reaction mixture was rinsed three times with HCl (1 mM) at 4 °C in a
magnetic field. Subsequently, 100 pL of purified Ab-TC polyclonal an-
tibody (100 pg mL™') was added to the activated nanoparticles and
incubated for 2 h at 4 °C. The antibody-coated nanoparticles were
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Fig. 1. Schematic illustrations of competitive immunoassay of TC on modified pWEs by functionalization with: (A) CMA electroaddressing, (B) CMA electro-
addressing followed by preconcentration of immunomagnetic nanoparticles cross-linked with Ab-TC antibody, (C) Py/Py-COOH/MNPs.

washed three times with PBS buffer (pH 7.4). The non-reacted activated
carboxylic acid groups were blocked with ethanolamine (1% v/v) in
PBS buffer for 10 min. The antibody-coated magnetic nanoparticles
were then separated from the mixture, resuspended in 500 pL of PBS
buffer and incubated with different concentrations of TC (Fig. 1B). Si-
multaneously, the gold yWEs were functionalized by CMA and TC as
described in paragraph 2.2.1.

2.2.3. Functionalization with Py/Py-COOH/MNPs

This functionalization was performed by electrodepositing Py/Py-
COOH/MNPs onto microelectrodes by using pulsed chronoampero-
metric technique (PCA). Briefly, two continuous repetition potentials
were applied: the first potential E; = -0.2 V for t; = 0.1 s, induces a
cathodic electrodeposition process, while the second potential E; = 0.2
V for ty = 0.1 s oxidizes the electrode surface, and in particular, cleans
it from eventual extraneous deposited species. The cycling process was
iterated 30 times. Then, the gold yWEs were rinsed with distilled water.
Besides, it is interesting to point out that the amplitude of the charge-
discharge process remains practically unchanged during the prolonged
cycling process, indicating that the electrode surface exhibits a
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homogenous Py/Py-COOH/MNPs deposition. The activation of car-
boxylic groups, present in the Py/Py-COOH/MNPs, was carried out by
the mixture of EDC/NHS (0.4 M/0.1 M) prepared as described above.
The biofunctionalization and blocking steps were performed by in-
cubating the sensor in TC solution (100 ug mL™') and ethanolamine/PBS
(1% v/v), respectively. Finally, the immunosensor was rinsed with PBS
and used for TC detection (Fig. 1C). The homogeneity and the rough-
ness of the resulted pWEs surface were already examined in our pre-
ceding study (Hassani et al., 2017). This was conducted by two-, and
three-dimensional surface topography using atomic force microscopy
(AFM). The interest of using this technique is to ensure that the pfWE
surfaces were entirely homogeneous with the presence of spherical
shapes indicating the presence of MNPs coated with Py/Py-COOH.

2.3. Micro-contact printing

The soft-lithographical technique called microcontact printing
(uCP) of self-assembled monolayers (SAMs) was employed to check the
immune TC/Ab-TC reactivity. For this purpose, an elastomeric stamp
based on polydimethylsiloxane (PDMS) was fabricated by replica
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molding (RM) as already described in previous work (Baraket et al.,
2013). A mixture of pre-polymer PDMS and curing agent (10:1 w/w)
was poured onto a silanized silicon-mold which contains micro-pillars
on relief of its surface (Fig. 2a). Subsequently, complete degassing of
PDMS/silanized silicon-mold was carried out to ensure that all air
bubbles which may create defects on the PDMS stamp surface have
been removed (Fig. 2b). After the polymerization step at 52 °C for 1 h,
the PDMS stamp was peeled-off from the silicon mold bearing the micro
holes on its surface (Fig. 2c). The stamp was then inked by immersion
for 1 min in heptane solution containing octadecyltrichlorosilane (OTS)
(0.1%, v/v) and carbon tetrachloride (2%, v/v), then dried with a
stream of nitrogen (Fig. 2d). Simultaneously, glass substrates were
cleaned with acetone then ethanol, rinsed with distilled water and then
dried with nitrogen. The substrates were activated by submersion in
piranha solution (3:1 v/v of H,SO4: Hy0,) for 30 min then thoroughly
rinsed with distilled water and dried with nitrogen. Afterwards, the nCP
was realized by putting the prepared PDMS stamp in immediate and
conformal contact with a freshly activated glass substrate (Fig. 2e). The
PDMS stamp was peeled-off from the substrate, leaving then the SAMs
of OTS on the glass surface which was incubated afterwards at 100 °C
for 45 min to enhance OTS adhesion.

The freshly prepared substrates were submerged in an ethanol so-
lution containing 1% of TESUD, rinsed with ethanol, dried with a
stream of nitrogen and then heated in a vacuum stove at 100 °C for 60
min to complete the silanization process (Fig. 2f). Subsequently, the
functionalized substrate surface (FSS) was incubated in 250 pL of Ab-TC
antibody (10 pg mL™?) already diluted in 4 mM of sodium cyanobor-
ohydride. The use of this reagent was conducted to avoid adversely
reducing aldehydes to nonreactive hydroxyls, allowing covalent
bonding of Ab-TC with the amine of TESUD (Fig. 2g). After that, the FSS
were incubated in TC solution (0.1 pg mL™1) for 1 h to allow the an-
tibody-antigen interaction followed by rinsing in PBS and drying under
nitrogen (Fig. 2h). Finally, the rhodamine-labeled polyclonal Ab-
TC*(10 ug mL™ ') were dropped on the FSS for 1 h (Fig. 2i). The sam-
ples were then rinsed in PBS, dried under nitrogen and observed by
fluorescence microscopy.

2.4. Fluorescence microscopy characterization

Fluorescence images, as a rapid tool showing the recognition of Ab-
TC for its corresponding antigen (TC), were taken using a fluorescence
microscope (Zeiss Axioplan 2 Imaging), equipped with 10 x and 40 x
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lenses and a monochrome camera. Samples were observed by fluor-
escent light: TC sample was excited with a 550 ( = 25) nm band-pass
filter and fluorescence from the sample was observed with a 605
( £+ 70) nm band-pass filter.

2.5. Electrochemical measurements

All steps of gold uWEs modification were characterized by cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
techniques using a multi-channel potentiostat (VMP3 Bio-logic-Science
Instrumentation, France). The electrochemical configuration was per-
formed by using integrated uWEs, RE and CE of the Bio-MEMS. All the
measurements were performed in a solution of 5.0 mM [Fe(CN)g]*>*
prepared in PBS buffer (pH 7.4) and in a Faraday cage. For the cyclic
voltammetric measurements, the potential was scanned from 0.3 V to
0.6 V with a scan rate of 100 mV s*. While the electrochemical im-
pedance was measured in the 150 mHz-200 kHz frequency range with a
DC potential of —0.3 V/ref and an AC potential of 90 mV.

3. Results and discussion
3.1. Fluorescence analysis

Fluorescent imaging is considered as an effective tool for bio-func-
tionalization analysis. It's used to certify that the corresponding im-
mune detection process is taking place based upon the recognition of
the antibody for its corresponding antigen. In this study, fluorescent
antibodies were immobilized (chemically) onto a glass substrate for the
detection of TC antigens. Fig. 3A-B shows the fluorescent pattern of Ab-
TC'®, The red fluorescent regions indicate tags in which the antibodies
are specifically immobilized, while the extinct areas are those blocked
with OTS. In the Fig. 3C, we notice an absence of fluorescence due to
the non-cross-reactivity of the doxycycline (DX), as interfering mole-
cules, towards Ab-TC. This immuno-fluorescent test has reported the
strong reactivity of Ab-TC against TC which can, therefore, be applied
for immunosensor development.

3.2. Electrochemical characterization of modified gold uWEs

The behaviors of CMA and Py/Py-COOH/MNPs films were checked
for each step of the Bio-MEMS functionalization by CV analysis. The
process of CMA electro-addressing is shown in Fig. STA (Supplementary
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information). The initial cycle shows a large and irreversible cathodic
wave with a peak potential at — 0.8 V revealing diazotated CMA onto
the gold pWEs surface by diazonium salt reduction. However, the re-
duction wave has been kept unchanged upon the deposition of CMA.
This functionalization was checked by variation of the CV before and
after gold yWEs modification (Fig. S1B) (Supplementary information).
In this figure, a significant decrease in peak-to-peak of the CV cycles
was noticed after CMA electro-deposition against the bare gold uWEs.
This was referred to the broad passivation region of this microelec-
trodes.

While Fig. S1C (Supplementary information) shows the chrono-
amperometric process for Py/Py-COOH/MNPs electrodeposition.
During this step it was interesting to specify that the amplitude of the
charge-discharge process remains nearly unchanged, indicating that the
electrode surface displays homogenous Py/Py-COOH/MNPs layer. CV
analysis were also investigated to examine the behavior of the tWEs
surfaces after Py/Py-COOH/MNPs electrodeposition. Fig. S1D
(Supplementary information) shows the considerable increase in the
peak current of cyclic voltammograms after Py/Py-COOH/MNPs de-
position compared to bare gold. This was explained by the conductive
behavior of Py/Py-COOH coated on MNPs. At these steps, the modified
gold uWEs were ready for bio-functionalization with the target analyte.

3.3. Optimization of conditions for detection
The amount of TC immobilized on the surface of gold ptWEs as well

as the antibody concentration were subject to optimization described in
(Supplementary information).

3.4. Competitive detection of TC

In this study, the quantification of the analyte has been made by the
competitive approach to enhance the detection signal of TC with a
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small molecular weight (444 Da) compared to Ab-TC (160 kDa).
Furthermore, this approach was advantaged in the present work to
make pre-concentration allowing to detect only TC and eliminate other
irrelevant molecules. This step was performed by incubating the pfWE
surfaces of the Bio-MEMS in a mixture of a fixed concentration of Ab-TC
previously optimized (10 pg mL™) and decreasing levels of standard
solutions of TC from 1000 pg mL™* to 0.1 pg mL" during 30 min at 4 °C
for each concentration. At least three independents replicated experi-
ments were carried out. Ultimately, the electrode surface was rinsed
with PBST (10 mM PBS with 0.05% Tween 20) and analyzed with EIS.
Fig. 4A-C show the obtained Nyquist plot semi-circles for the three
functionalizations of uWE surfaces. It can be noticed that for the three
approaches, the Nyquist plot semi-circles increase by decreasing TC
concentrations. As awaited, this level decreases produce an increase in
the charge transfer resistance owed to the presence of free antibodies
reacting with TC immobilized on the pWEs surface.

An excellent fitting between the simulated and experimental spectra
was obtained for each TC concentration by using the Randles equivalent
circuit shown in the inset of Fig. 4D (where R; is the solution resistance,
R, is the charge-transfer resistance, W is the Warburg impedance and Q
is the constant phase element). For each TC concentration, the value of
AR/Rq was calculated when R is the charge transfer resistance. The
normalized data show three linear equations: y, = -0.208 x + 0.960,
yp = -0.148 x + 0.578 and y. = -0.109 X + 0.474 with the de-
termination coefficients of 0.962, 0.986 and 0.946, respectively. As can
be seen from this figure, the detection sensitivity was highly improved
for the Py/Py-COOH/MNPs gold surface modification. For this ap-
proach, the configured impedimetric immunosensor have provided the
more sensitivity of 0.208 mL pg ™! with a limit of detection (LOD) of 1.2
pg mL™. It is appealing to notice that this LOD value is nearly 83,000
times lower than the maximum residue limits of TC in honey fixed by
European regulation. As listed in Table 1, the proposed system provides
relatively wide linear ranges and low LODs in comparison with other
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published studies.

3.5. Interferences study

The selectivity of the proposed system was investigated in the pre-
sence of various antibiotics from the same family of cyclines that can
have cross-reactivity with Ab-TC antibody. This study was performed
by comparing the responses for TC detection with three analogous
molecules namely: chlortetracycline (CT), doxycycline (DX), and oxy-
tetracycline (OX) (Fig. S3) (Supplementary information). Consequently,
this immunosensor was found to be very selective for TC and can
provide reliable results regardless of the presence of the interfering
molecules.

3.6. Analysis of spiked honey samples

The TC determination in real samples was performed by spiking
analyte in blank honey matrices which indicate that the calibration
curve is suitable to determine the TC content in real unknown samples
(Supplementary information). The results of the added spiked samples
are shown in Table S1 (Supplementary information). Good recoveries
from 80% to 98% were obtained with the RSD ranging between 1% and
6%, which indicate that the calibration curve is suitable to determine
the TC content in real unknown samples.

3.7. Detection of TC in unknown honey sample

The standard addition method was further employed to determine

Table 1

Comparison of different techniques for TC detection.
Methods Linear range (ng mL?) LOD (ng mL") Real sample References
High-performance liquid-chromatography with fluorescence detection 15-5000 5 Milk (Kargin et al., 2016)
Photoelectrochemical aptasensor 0.2-1000.0 0.01 Drug sample (Han et al., 2018)
Terahertz spectroscopy 0-20 x 106 0.45 Water and milk (Qin et al., 2017)
Enzyme-linked immunosorbent assay and immunochromatographic assay 0.26-2.00 15 Milk and honey (Chen et al., 2016)
Electrochemical immunoassay 0.05-100 0.006 Honey milk and peanuts  (Que et al., 2013)
Molecularly imprinted polymer mixed with solid-phase extraction 20-600 20 Milk (Xie et al., 2018)
Electrochemical immunosensor based on the chitosan-magnetic nanoparticles  0.08-1.00 0.03 Milk (Liu et al., 2016)
Amperometric immunosensor 0.0005 — 500 0.86 Milk (Conzuelo et al., 2013)
This work 0.0001-1 0.0012 Honey -
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Fig. 5. Standard addition plots of different TC spiking in diluted unknown
honey sample, using (a) Ab-TC and (b) Ab-155 antibodies.

the TC concentration in unknown honey sample. The competitive de-
tection of TC was performed by a mixture of different standard solu-
tions (3 pgmL?, 5 pg mL?, 10 pg mL, 15 pg mL ") with the presence of
Ab-TC (10 ng mL™). For all TC concentrations, the normalized charge
transfer resistance AR/R, were measured. The extrapolation of regres-
sion line predicts the TC concentration in the diluted honey sample at
2.52 pg mL™. Consequently, the concentration of TC in the unknown
sample was 25.2 pg mL~! according to the dilution factor of 10 times
(Fig. 5). This level of contamination remains lower than the MRLs of
10,000 pg mL™* established by Switzerland, UK, and Belgium.

4. Conclusions

In the present work, we have discussed the development process of a
novel sensitive and highly selective immunosensor based on 2D and 3D
network of immobilization with the diazonium salt, and a new structure
of MNPs coated with Py-COOH for specific detection of TC. Moreover,
the electrochemical analysis performed by these materials allow high
reproducibility and rapid response. The high sensitivity of this im-
munosensor was evaluated for the three functionalization methods and
was highly improved for the Py/Py-COOH/MNPs gold surface mod-
ification. For this approach, the configured impedimetric im-
munosensor have provided a sensitivity of 0.208 mL pg ™! with a limit
of detection of 1.2 pg mL ™. The selectivity of the present immunosensor
platform toward TC was higher when compared to analogous mole-
cules, namely DX, CT and OX. We have presented a novel and less costly
fabrication process to develop a highly sensing device able to detect low
levels of TC residues in honey samples without any complicated pre-
treatment. The miniaturization of this immunosensor will be very
beneficial to control the quality of food products on an industrial scale.
However, there are still some limitations of this work related to the
construction time which is a little long. Therefore, our further in-
vestigations in this direction are to shorten the development time of this
immunosensor, to meet the requirements of a large scientific commu-
nity which can extend its use for other applications. Future works will
also be done, to assess the multi-functionalization of the same device
allowing a simultaneous detection of several analytes.
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