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Abstract: In this work, a sensitive electrochemical immunosensor has been reported for the
determination of norfloxacin in animal-derived foods. The poly (amidoamine) dendrimer
encapsulated gold nanoparticles (PAMAM-Au) played dual roles in the proposed sensing platform
which not only accelerated the electron transfer process of sensing, but also increased the efficiency
of the immobilized antibody. The HRP-labeled antigen, as the signal labels in the immunosensor,
was introduced to catalyze the following reaction of the substrate hydroquinone with the aid of
H2O2 in the competitive reaction. On the basis of the signal amplification of PAMAM-Au, the signal
intensity was linearly related to the concentration of norfloxacin in the range of 1 µg·L−1–10 mg·L−1.
All the results showed that the proposed strategy with low LOD (0.3837 µg·L−1) and favorable
recovery (91.6–106.1%) in the practical sample, and it could provide a suitable protocol for norfloxacin
detection in animal-derived foods with high sensitivity, good accuracy, and stability.

Keywords: electrochemical immunosensor; dendrimer; signal amplification; norfloxacin;
animal-derived foods

1. Introduction

The development of quinolones, especially fluoroquinolone antibiotics, has a history extending back
over 50 years [1]. Fluoroquinolones (FQs) are a group of synthetic antimicrobials to prevent and treat
infections [2]. Norfloxacin (NOR,) as one of the fluoroquinolones (FQs), has been widely applied in
medicine [3]. Their residual toxicity and resistance have a significant effect on food and the environment,
which is paid widespread attention. According to EU regulations, the maximum limit allowed of
quinolones in edible tissues (poultry and pork) is 50 µg·kg−1, and in dairy products is 75 µg·kg−1.
Nowadays, there are several analytical methods for the detection of NOR, including spectrofluorometry [4],
high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) [5,6], UV–VIS
spectrophotometry [7], and enzyme-linked immunosorbent assay (ELISA) [8]. However, the traditional
methods have some limitations, such as expensive devices [9], they are time consuming, and have
technical labor requirements. Therefore, it is critical to develop a simple, sensitive, and rapid method for
the efficient determination of NOR [10].

Polyamidoamine (PAMAM) dendrimers, a new type of polymer with well-defined globular
shape, multiple branched structure, and a large number of functional groups (amino groups or
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carboxyl groups) on its periphery has increasingly aroused concern in analytical fields [11,12].
In recent years, they have been widely used as templates to encapsulate nanoparticles, given the
high loading capacity [13]. It has been reported that dendrimer-encapsulated Pt nanoclusters have
been applied to the fabrication of non-enzymatic electrochemical sensors for the determination
of cellular hydrogen peroxide [14]. Additionally, the large number of groups on its periphery
enable PAMAM to anchor more molecules, such as antigens, antibodies, and aptamers. In the
previous report, dendrimer-encapsulated Ru nanoparticles (Ru-PAMAM) were used to connect
avidin to construct an ultrasensitive electrochemiluminescence immunosensor for the detection
of 5-hydroxymethylcytosine [15]. Due to the good absorptive capacity and excellent electrical
conductivity, gold nanoparticles have been widely applied to bioscience, clinical medicine, and medical
testing [16,17]. The dendrimer-encapsulated gold nanoparticles (PAMAM-Au) were prepared by the
reduction of chloroauric acid into the dendrimer interior [18]. The prepared PAMAM-Au does not only
have a favorable loading capacity of other molecules but also increases the electrical signal, because of
its conductive superiority of gold nanoparticles [19,20]. Immuno-competition mode, which is based on
the specific competitive recognition effect of antibodies for antigens and labelled antigens or coating
antigens is a typical valid detection method for small molecular substances. Immuno-competition
mode provides a sensitive, specific, and robust means for the quantitative determination.

In the study, we developed a sensitive electrochemical immunosensor based on PAMAM-Au
nanocomposites for the determination of NOR in animal-derived foods. The p-aminobenzoic acid
(p-ABA) was firstly attached to the surface of the electrode by electropolymerization. The as-prepared
PAMAM-Au could be firmly immobilized by amine groups of PAMAM-Au and carboxyl groups
of p-ABA. The PAMAM-Au could not only conjugate with antibodies easier, but also accelerate the
electron transfer process of sensing. Subsequently, the analyte and HRP-labeled antigen were added
together to compete with the capture sites of the antibody. HRP-labeled antigen, as the signal label
in the immunosensor, was introduced to catalyze the reaction of hydroquinone and H2O2 in the
competitive reaction. By the catalytic reaction of HRP in H2O2-HQ system, the electrode signals were
amplified and measured. The developed electrochemical immunosensor can determine NOR with
good sensitivity and accuracy.

2. Materials and Methods

2.1. Apparatus and Reagents

Cyclic voltammetry (CV), differential pulse voltammetry (DPV), and electrochemical impedance
spectroscopy (EIS) were performed on a LK-2006 electrochemical workstation (Tianjin Lanlike
Chemical and Electronic High Technology Co., Tianjin, China). A conventional three-electrode system
containing a glassy carbon electrode (GCE, 4 mm diameter), a platinum electrode, and a saturated
calomel electrode (SCE) as the working electrode, the auxiliary electrode, and the reference electrode,
respectively. Transmission electron microscopy (TEM) (EM-2010FEF, JEOL, Tokyo, Japan) was used to
observe the particle size of PAMAM-Au.

A fourth-generation dendrimer (4.0 G-PAMAM), chloroauric acid, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), bovine serum albumin (BSA), and horseradish
peroxidase (HRP) were all purchased from Sigma Chemicals (St. Louis, MO, USA). p-Aminobenzoic acid
(p-ABA) and hydroquinone (HQ) were purchased from Aladdin.(Shanghai, China) Potassium ferricyanide,
potassium hexacyanoferrate, potassium chloride, disodium phosphate, sodium dihydrogen phosphate,
sodium chloride were all obtained from Tianjin Chemical Reagent Factory (Tianjin, China). Doubly-distilled
water (DDW) was obtained by a Millipore Milli-Q water system (Millipore, NY, USA).

The monoclonal antibody of NOR was prepared in our laboratory [21].
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2.2. Preparation of HRP-NOR

A total of 7 mg of norfloxacin hapten was accurately weighed and dissolved in 300 µL of
N,N-dimethylformamide (DMF) followed by the addition of 12.65 mg N-hydroxysuccinimide (NHS)
and 22.70 mg N,N-dicyclohexylcarbodiimide (DCC). The mixture was then stirred at room temperature
for 4–6 h. Subsequently, the reaction solution was centrifuged (5 ◦C, 10,000 rpm, 5 min) to remove
the precipitate to obtain the product called the active ester. The solution of the active ester was
slowly added into 3 mL of sodium bicarbonate solution containing 10 mg HRP under ice-cooling
conditions. Then, the solution was dialyzed in phosphate buffer solution (pH 7.4, 0.01 mol·mL−1)
at 4 ◦C. After dialysis, an equal volume of glycerol was added into the HRP-NOR solution and the
obtained product was stored at −20 ◦C for further use.

2.3. Synthesis of PAMAM-Au Nanocomposites

The PAMAM-Au nanocomposites were prepared as follows: 2 mL of 0.07 mmol·L−1 PAMAM
solution were mixed with 2 mL 1 mmol·L−1 HAuCl4 solution Then, 2 mL of 1 mmol·L−1 formic
acid was added to the above mixed solution. Under the intensive reaction, Au were extracted into
the interior of PAMAM, and the color of the solution was changed from yellow to red at once.
The transmission electron microscopy (TEM) were employed to investigate the morphology and the
particle size distribution of PAMAM-Au nanocomposites.

2.4. Fabrication of the Electrochemical Immunosensor

The bare GCE was polished repeatedly with different amounts of alumina powder
(1.0, 0.3, and 0.05 µm) and thoroughly cleaned by double-distilled water before use. The preparation
of the immunosensor is illustrated in Scheme 1. Firstly, the cleaned GCE was scanned in 3 mL
of 0.01 mol·L−1 HCl solution which containing 2 mmol·L−1 p-ABA by cyclic voltammograms in
a potential range from 0 to 1.0 V with the scan rate of 40 mV·s−1. Secondly, a 10 µL EDC/NHS
solution was casted on the surface of GCE for 30 min to activate the carboxyl groups and then the
GCE was cleaned using the double-distilled water. After GCE was dried with nitrogen, 10 µL of
PAMAM-Au were dropped onto the surface of p-ABA/GCE and dried naturally at room temperature.
Finally, 10 µL 50 µg·mL−1 of NOR antibodies were added to the modified GCE and combined
with PAMAM-Au thorough the formation of the amide bond. After that, 10 µL of 1% BSA
solution was applied to deactivate the remaining amino groups and block the unreacted active sites.
Ab/PAMAM-Au/p-ABA/GCE was then fabricated. The electrodes were washed with PBS after each
modification step.

Scheme 1. Schematic illustration of the preparation procedure of the electrochemical immunosensor
for the detection of NOR.
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2.5. Measurement Procedure

Equal volume of enzyme-labeled antigen (HRP-Ag) and target with different concentration were
mixed, respectively. Next, 10 µL of the mixtures were dropped onto the surface of the modified
electrode which HRP-Ag and the target could competitively react with the antibodies. Finally,
the prepared immunosensor was measured in a glass beaker with 3 mL of PBS (pH 7.4) solution
which contained 3 mmol·L−1 hydroquinone (HQ) and 1.25 mmol·L−1 hydrogen peroxide (H2O2).
The electrochemical response was recorded by differential pulse voltammetry (DPV). With the
increasing concentration of the NOR, the current value gradually reduced and the quantitative
detection of the NOR can be achieved.

2.6. Pretreatment of Real Samples

In the experiment, three kinds of samples, including pork, egg, and milk, purchased from a local
supermarket were chosen for spiked recovery experiments to evaluate the practicality of the established
immunosensor for trace analysis of NOR. For the spiking study, the samples (5 g) were spiked with
NOR dissolved in methanol to give concentrations of 50, 100, and 500 µg·kg−1. The extraction process
was carried out using solid phase extraction (SPE) with a commercial C18 cartridge. Prior to use,
the C18 cartridge was activated with methanol (6 mL) and distilled water (6 mL). The sample extract
was loaded with a flow rate of 2.0 mL·min−1–3.0 mL·min−1, followed by washing with a solution
of methanol/water (2 mL, 5%). The NOR remaining on the C18 cartridge was eluted with methanol
(6 mL). The product was evaporated to dryness and reconstituted with methanol (1 mL) for binding
measurements with the modified electrodes or HPLC-MS/MS analysis.

3. Results

3.1. Characterization of PAMAM-Au Nanocomposites

UV–VIS spectroscopy and transmission electron microscopy (TEM) were used to characterize the
PAMAM-Au nanocomposites, respectively. From Figure 1, two strong absorption peaks of HAuCl4 are
shown at 220 nm and 290 nm, and an absorption peak of PAMAM is shown at 290 nm [16]. While after
reduction by the formic acid, a new absorption peak at 520 nm appeared indicating the generation
of PAMAM-Au nanocomposites. From TEM in Figure 2, it was obviously found that PAMAM-Au
nanocomposites (with the average 5 nm size) were dispersed uniformly.

Figure 1. UV–VIS adsorption spectra of HAuCl4, PAMAM, and PAMAM-Au nanocomposites in
their aqueous solution (1 mM HAuCl4, 0.07 mM PAMAM, and the 10-fold diluted as-synthesized
PAMAM-Au).
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Figure 2. TEM image of PAMAM-Au at the scale of 1:20 (A) and 1:5 (B).

3.2. Electropolymerization of p-ABA

The p-ABA was firstly electropolymerized on the surface of the bare electrode to further covalently
conjugate with PAMAM-Au. In order to obtain the optimal detection effect, the scanning cycles of
electropolymerization and the concentration of p-ABA were studied. The different cycles of the
polymerization were investigated from 3 to 11, and the results are shown in Figure 3A. We found that
the current was increased as the cycles were added from 3 to 5, while when the cycles were over 5,
the current was decreased. The specific reason is as follows: under the cycles of the polymerization
from 3 to 5, the p-ABA fixed on to electrode surface was increasing, thus, the PAMAM-Au linked to
p-ABA also was on the rise. With the further adding of electropolymerization cycles, PAMAM-Au
linked to p-ABA reached the saturation point and excessive accumulation of p-ABA led to the excessive
loading of carboxyl groups on the electrode surface, and the downward trend of the current attribute
to the repulsive force between the [Fe(CN)6]3−/4− probe and the negatively-charged carboxyl group of
p-ABA. Hence, five cycles were the optimal condition of the electropolymerization process. Under the
optimal cycle, the concentration of p-ABA was further studied in Figure 3B. The current was up to the
maximum when the concentration of p-ABA was 2 mmol·L−1. Therefore, the optimal concentration of
p-ABA was 2 mmol·L−1.

Figure 3. Dependence of the electrochemical signal on scanning cycle (A) and concentration (B) of p-ABA.

3.3. Optimization of the Immunoassay

The added antigen and HRP-labeled antigen in the solution compete with the reaction sites on
the antibody immobilized on the p-ABA modified electrode. Therefore, the concentration of antibodies
and the dilution times of the HRP-labeled antigen were also optimized. In this study, we optimized
the dilution times of HRP-Ag from 500 to 2000 times and the antibody concentration from 10 to
100 µg in the presence and in the absence of the antigen. The results are shown in Figure 4A,B,
the maximum response was obtained under 50 µg·mL−1 of the antibody concentration, and 1000 times
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of the HRP-Ag dilution. The results show that the tendency of the DPV response in the presence and
in the absence of the antigen are similar. In Figure 4B, the signal caused by the binding of the antibody
and HRP-Ag in the presence of the antigen is lower than in the absence of the antigen (Figure 4A)
due to the competition of antigen for the recognition sites on antibodies. Additionally, the optimal
binding effect of antibodies and HRP-Ag were not affected by the adding of the antigen. Therefore,
an Ab concentration of 50 µg·mL−1 and HRP-Ag dilution times of 1000 were used as the optimal
conditions of the immune response. Furthermore, the incubation time for the immuno-competition
interaction was also investigated. As can be seen in Figure 4C, with the increase of the incubation time
from 10 to 50 min, the current response was increased and then tended to be stable when the time is
over 50 min. Thus, 50 min was used as the optimal incubation time.

Figure 4. The response of Ab with different concentration and HRP-Ag with different dilution times in
the absence of antigen (A) and in the presence of antigen (B); and dependence of the electrochemical
signal on incubation time for the immunoreactions (C).

3.4. Optimization of Conditions for Electrochemical Detection

The pH value and the concentration of HQ, had greatly affected the analytical performance in the
process of the electrochemical detection. Here, the pH values (6.4, 6.9, 7.4, 7.9, 8.4, 8.9) were studied
(Figure 5A). It was clearly observed that the current was increased when the pH increased from 6.4 to
7.4, and then decreased when the pH is over 7.4. Therefore, pH 7.4 which was close to the pH of human
was selected. Figure 5B showed the effect of the different concentration of HQ for the catalytic reaction.
The maximum current was achieved at 3 mmol·L−1, and then levelled off when the HQ concentration
is over 3 mmol·L−1. Thus, 3 mmol·L−1 was used as the optical concentration of HQ.
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Figure 5. The influence of different pH (A) and the concentration of HQ (B).

3.5. Electrochemical Behavior of the Modified Electrodes

CV and EIS can provide more detailed information on the preparation of the immunosensor.
The CV and EIS behaviors of different modified electrodes were performed in 5 mM Fe(CN)6

3−/4−

containing 0.2 M KNO3 (0.01 M pH 7.4 PBS). In Figure 6A, the CV profile clearly shows a pair of redox
peaks of the bare GCE (curve a). After the electropolymerization of p-ABA, the current sharply dropped,
demonstrating that p-ABA on the electrode can hinder electron transfer (curve b). When PAMAM-Au
was covalently conjugated with p-ABA by the amido bond, the current value was obviously increased
due to the favorable electrochemical performance of PAMAM-Au (curve c). After the antibody of NOR
was immobilized on the electrode, the redox peak current was decreased due to the nonconducting
property of antibodies, which hindered the electron transfer between the electrode and electrolyte
solution (curve d). After blocking of the unbounded active sites by BSA, the redox peak current was
further decreased (curve e), and the redox peak current was further decreased after the competition
reaction, indicating that the antibody was specifically recognized for the antigen and HRP-Ag (curve f).

Electrochemical impedance spectroscopy (EIS) is an excellent and ultrasensitive technique to
monitor the impedance variation of the biosensor during the modification procedures. The impedance
spectra of step-by-step fabrication are represented in Figure 6B, which show the same tendency as
the CV curves. The electron-transfer resistance (Ret) for bare GCE is about 200 Ω (curve a). After the
modification of p-ABA, the Ret was increased to 1400 Ω (curve b). Then, the Ret decreased obviously
(curve c) due to the modification of PAMAM-Au on the electrode, and the Ret was apparently increased
when the antibody was immobilized on the electrode (curve d), which suggested that the modification
of antibody on the electrode hindered the electron transfer of the Fe(CN)6

3−/4−. After BSA was
assembled on the electrode, the Ret was further increased (curve e). Further incubation with antigen
and HRP-Ag caused a further increment of Ret (curve f).

Figure 6. Cyclic voltammograms (A) and electrochemical impedance spectra (B) on (a) bare GCE; (b)
p-ABA/GCE; (c) PAMAM-Au/p-ABA/GCE; (d) Ab/PAMAM-Au/p-ABA/GCE; (e) BSA/Ab/PAMAM-
Au/p-ABA/GCE; and (f) Ag/BSA/Ab/PAMAM-Au/p-ABA/GCE in pH 7.4 PBS containing 0.2 M KNO3

and 5 mM Fe(CN)63−/4− as the redox probe.
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3.6. Electrochemical Measure

Under the optimal conditions, the performance of the electrochemical immunosensor was
investigated in a series of NOR standard solutions. Figure 7A shows the typical DPV peak current of
immunosensor in the presence of different concentrations of NOR. As we can see, the peak current
gradually decreased with the increasing concentration of NOR (curve a–i). Figure 7B shows a linear
relationship between the DPV current and the logarithmic value of NOR concentration at the range
from 1 µg·L−1 to 10 mg·L−1. The linear regression equation was I = −3.3344 lg Cnor + 47.84746 with a
correlation factor of 0.9924, where the unit of I is µA and the unit of C is ng·L−1. The detection limit of
the system was 0.3837 µg·L−1 (S/N = 3).

Furthermore, compared with other detection measures (Table 1), the fabricated immunosensor in
this study possessed a low detection limit, wide linear range, and good recovery, further indicating
that the immunosensor presented excellent properties.

Figure 7. DPV peak current (A) and calibration curve (B) of the immunosensor at different concentrations
of NOR.

Table 1. Comparison of this method with other methods reported in the literature.

Methods Linear Range (µg·L−1) LOD (µg·L−1) Recovery (%) Reference

ELC 16–31,900 1.53 92.7–97 Deng et al. [22]
HPLC - 1 95.2–97.6 Lagana et al. [23]
icELISA - 0.05 77.3–117.8 Peng et al. [8]
CdTe QPs 100–90,000 250 93.0–104 Hong et al. [24]
Immunoassay 0.07–31.8 0.04 - Dumont et al. [25]
Immunosensor 1–10,000 0.3837 91.6–106.1 This work

3.7. Evaluation of the Immunosensor

The reproducibility of the immunosensor was investigated by determining NOR at a fixed
concentration (10 µg·L−1) with five immunosensors which were fabricated independently. Figure 8A
shows the acceptable relative standard deviation (RSD = 1.46%) indicating that the prepared
electrochemical immunosensor had good reproducibility for NOR sensing.

To test the selectivity of the immunosensor, the cross-reaction experiments were performed
by other fluorequinolones involving enoxacin, fleroxacin, mariposide, and sparfloxacin (Figure 8B).
The current response of enoxacin was close to that of NOR, but there was a gap between the other three
analogues. It can be speculated that the cross-reaction between NOR and enoxacin may be attributed
to their similar chemical structure.
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Figure 8. The repeatability of five modified electrodes (A) and the selectivity of the immunosensor with
norfloxacin (a) and some analogues involving enoxacin (b), fleroxacin (c), mariposide (d), and sparfloxacin (e) (B).

In stability studies, the modified electrode is stored at 4 ◦C for 3, 6, 9, 15, and 21 days, respectively.
The response value of immunosensor after storage were obtained by 98.2%, 96.4%, 93.5%, 90.2%,
and 88.1% in comparison with that of the first day, suggesting the good stability of the prepared
electrochemical immunosensor.

3.8. Application of the Immunosensor to Daily Animal-Derived Food

The developed immunosensor was used to detect the NOR level in three daily animal-derived
foods (milk, egg, pork). The samples were spiked with three different concentrations of NOR
(50, 100, 500 µg·kg−1), then were determined by the prepared immunosensor and LC-MS standard
method, respectively. The analytical results are listed in Table 2. As we can see, the recoveries that were
obtained by the prepared immunosensor were within 91.6–106.1% with RSD below 4.2%. The result
shows that the value obtained from the proposed method shows good consistency with that of LC-MS.

Table 2. Comparing of the results with the proposed immunosensor and the HPLC-MS/MS method in
the detection of norfloxacin in daily animal-derived food.

Sample Initial Concentration
(µg·kg−1)

Added Concentration
(µg·kg−1)

The Proposed Immunosensor HPLC-MS/MS

Found
(µg·kg−1)

Recovery a (%)
(means ± SD, n = 3)

Found
(µg·kg−1)

Recovery a (%)
(means ± SD, n = 3)

Milk 10.5
50.0 59.70 98.4 ± 1.3 58.63 96.3 ± 1.2

100.0 105.42 94.9 ± 2.6 109.88 99.4 ± 2.6
500.0 539.52 105.8 ± 4.2 544.94 106.9 ± 0.8

Egg 6.8
50.0 53.17 92.7 ± 4.2 55.57 97.5 ± 1.7

100.0 101.38 95.6 ± 1.2 105.51 98.7 ± 1.3
500.0 537.25 106.1 ± 2.6 539.85 106.6 ± 1.6

Pork 7.4
50.0 53.21 91.6 ± 2.9 56.39 98.0 ± 4.4

100.0 102.66 95.3 ± 1.2 104.36 96.9 ± 1.2
500.0 521.85 102.9 ± 3.4 525.17 103.6 ± 1.8

a Recovery is pointed to the additive recovery.

4. Conclusions

In this study, an electrochemical immunosensor based on immuno-competition mode was
constructed for NOR detection and successfully applied in animal-derived foods samples. In the
testing process, PAMAM-Au exerted a crucial function on the development of the effective biosensing
platform, which not only enhanced the electrochemical sensitivity, but also could provide an adequate
loading site for antibodies and further attributed to specific recognition of NOR. The HRP-labeled
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antigen was involved as a signal-trigger in H2O2 and the HQ catalytic system for quantitative analysis
of NOR. All the results showed that the proposed approach with the preponderance of wide detection
range (1 µg·L−1 to 10 mg·L−1) and low LOD (0.3837 µg·L−1) and favorable recovery (91.6–106.1%)
in the practical sample could accurately and efficiently be applied to NOR monitoring. The proposed
immunosensor showed a satisfactory stability for several repeated detectiosn and long-term storage
demonstrating its promising application for NOR detection in daily animal-derived food.

Author Contributions: Data curation: M.L. and M.P.; formal analysis: B.L., Y.G., W.S., and G.F.; methodology:
M.L. and Y.Z.; project administration: B.L. and S.W.; software, Y.G.; validation: M.L. and Y.Z.; writing—original
draft: M.L.; and writing—review and editing: B.L. and Y.G.

Funding: This research was funded by the National Natural Science Foundation of China, grant number 31301462.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Vakh, C.; Alaboud, M.; Lebedinets, S.; Korolev, D.; Postnov, V.; Moskvin, L. An automated magnetic
dispersive micro-solid phase extraction in a fluidized reactor for the determination of fluoroquinolones in
baby food samples. Anal. Chim. Acta 2018, 1001, 59–69. [CrossRef] [PubMed]

2. Aufartová, J.; Brabcová, I.; Torres-Padrón, M.E.; Solich, P.; Sosa-Ferrera, Z. Determination of fluoroquinolones
in fishes using microwave-assisted extraction combined with ultra-high performance liquid chromatography
and fluorescence detection. J. Food Compos. Anal. 2017, 56, 140–146. [CrossRef]

3. Pereira, A.M.; Silva, L.J.; Meisel, L.M.; Pena, A. Fluoroquinolones and Tetracycline Antibiotics in a Portuguese
Aquaculture System and Aquatic Surroundings: Occurrence and Environmental Impact. J. Toxicol. Environ.
Health Part A 2015, 78, 959–975.

4. Kusunoki, Y.; Imamura, A.; Uda, H.; Mano, M.; Horai, T. Early detection of lung cancer with laser-induced
fluorescence endoscopy and spectrofluorometry. Chest 2000, 118, 1776–1782. [CrossRef] [PubMed]

5. Espinosa-Mansilla, A.; Salinas, F. HPLC determination of enoxacin, ciprofloxacin, norfloxacin and ofloxacin
with photoinduced fluorimetric (PIF) detection and multiemission scanning: Application to urine and serum.
J. Chromatogr. B 2005, 822, 185–193. [CrossRef] [PubMed]

6. Samanidou, V.F.; Demetriou, C.E.; Papadoyannis, I.N. Direct determination of four fluoroquinolones,
enoxacin, norfloxacin, ofloxacin, and ciprofloxac. Anal. Bioanal. Chem. 2003, 375, 623–629. [CrossRef]
[PubMed]

7. Darwish, I.A.; Sultan, M.A.; Al-Arfaj, H.A. Novel selective kinetic spectrophotometric method for
determination of norfloxacin in its pharmaceutical formulations. Talanta 2009, 78, 1383–1388. [CrossRef]
[PubMed]

8. Peng, J.; Liu, L.Q.; Kuang, H.; Cui, G.; Xu, C.L. Development of an icELISA and immunochromatographic
strip for detection of norfloxacin and its analogs in milk. Food Agric. Immunol. 2016, 28, 288–298. [CrossRef]

9. Huang, K.J.; Liu, X.; Xie, W.Z.; Yuan, H.X. Electrochemical behavior and voltammetric determination of
norfloxacin at glassy carbon electrode modified with multi walled carbon nanotubes/Nafion. Colloids Surf. B
2008, 64, 269–274. [CrossRef] [PubMed]

10. Hu, G.S.; Sheng, W.; Zhang, Y.; Wu, X.N.; Wang, S. A novel and sensitive fluorescence immunoassay for
the detection of fluoroquinolones in animal-derived foods using upconversion nanoparticles as labels.
Anal. Bioanal. Chem. 2015, 407, 8487–8496. [CrossRef] [PubMed]

11. Flory, P.J. Molecular Size Distribution in three Dimensional Polymers. VI. Branched Polymers Containing
A-R-Bf–1 Type Unit. J. Am. Chem. Soc. 1952, 74, 2718–2723.

12. Xu, X.X.; Zhou, C.L.; Zeng, B.R.; Xia, H.P.; Lan, W.G.; He, X.M. Structure and properties
of polyamidoamine/polyacrylonitrile composite nanofiltration membrane prepared by interfacial
polymerization. Sep. Purif. Technol. 2012, 96, 229–236. [CrossRef]

13. Umeda, Y.; Kojima, C.; Horinaka, H.; Kono, K. PEG-attached PAMAM dendrimers encapsulating gold
nanoparticles: Growing gold nanoparticles in the dendrimers for improvement of their photothermal
properties. Bioconjugate Chem. 2010, 21, 1559–1564. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.aca.2017.11.065
http://www.ncbi.nlm.nih.gov/pubmed/29291807
http://dx.doi.org/10.1016/j.jfca.2016.12.012
http://dx.doi.org/10.1378/chest.118.6.1776
http://www.ncbi.nlm.nih.gov/pubmed/11115472
http://dx.doi.org/10.1016/j.jchromb.2005.05.045
http://www.ncbi.nlm.nih.gov/pubmed/16006203
http://dx.doi.org/10.1007/s00216-003-1749-9
http://www.ncbi.nlm.nih.gov/pubmed/12638045
http://dx.doi.org/10.1016/j.talanta.2009.02.027
http://www.ncbi.nlm.nih.gov/pubmed/19362205
http://dx.doi.org/10.1080/09540105.2016.1263987
http://dx.doi.org/10.1016/j.colsurfb.2008.02.003
http://www.ncbi.nlm.nih.gov/pubmed/18358704
http://dx.doi.org/10.1007/s00216-015-8996-4
http://www.ncbi.nlm.nih.gov/pubmed/26337749
http://dx.doi.org/10.1016/j.seppur.2012.05.033
http://dx.doi.org/10.1021/bc1001399
http://www.ncbi.nlm.nih.gov/pubmed/20666440


Sensors 2018, 18, 1946 11 of 11

14. Liu, J.X.; Ding, S.N. Non-enzymatic amperometric determination of cellular hydrogen peroxide using
dendrimer-encapsulated Pt nanoclusters/carbon nanotubes hybrid composites modified glassy carbon
electrode. Sens. Actuators B Chem. 2017, 251, 200–207. [CrossRef]

15. Jiang, W.J.; Wu, L.N.; Duan, J.L.; Yin, H.S.; Ai, S.Y. Ultrasensitive electrochemiluminescence immunosensor
for 5-hydroxymethylcytosine detection based on Fe3O4@SiO2 nanoparticles and PAMAM dendrimers.
Biosens. Bioelectron. 2018, 99, 660–666. [CrossRef] [PubMed]

16. An, Y.R.; Jiang, X.L.; Bi, W.J.; Chen, H.; Jin, L.T.; Zhang, S.P.; Wang, C.G. Sensitive electrochemical
immunosensor for α-synuclein based on dual signal amplification using PAMAM dendrimer-encapsulated
Au and enhanced gold nanoparticle labels. Biosens. Bioelectron. 2012, 32, 224–230. [CrossRef] [PubMed]

17. Hou, Y.H.; Wang, J.J.; Jiang, Y.Z.; Lv, C.; Xia, L.; Hong, S.L.; Lin, M.; Lin, Y.; Zhang, Z.L.;
Pang, D.W. A colorimetric and electrochemical immunosensor for point-of-care detection of enterovirus 71.
Biosens. Bioelectron. 2018, 99, 186–192. [CrossRef] [PubMed]

18. Zhang, X.A.; Shen, J.Z.; Ma, H.L.; Jiang, Y.X.; Huang, C.Y.; Han, E.; Yao, B.S.; He, Y.Y. Optimized
dendrimer-encapsulated gold nanoparticles and enhanced carbon nanotube nanoprobes for amplified
electrochemical immunoassay of E. coli in dairy product based on enzymatically induced deposition of
polyaniline. Biosens. Bioelectron. 2016, 80, 666–673. [PubMed]

19. Yang, Y.Y.; Yan, Q.; Liu, Q.; Li, Y.P.; Liu, H.; Wang, P.; Chen, L.; Zhang, D.P.; Li, Y.Y.; Dong, Y.H. An
ultrasensitive sandwich-type electrochemical immunosensor based on the signal amplification strategy of
echinoidea-shaped Au@Ag-Cu2O nanoparticles for prostate specific antigen detection. Biosens. Bioelectron.
2018, 99, 450–457. [CrossRef] [PubMed]

20. Hu, L.Y.; Dong, T.T.; Zhao, K.; Deng, A.P.; Li, J.G. Ultrasensitive electrochemiluminescent brombuterol
immunoassay by applying a multiple signal amplification strategy based on a PAMAM-gold nanoparticle
conjugate as the bioprobe and Ag@Au core shell nanoparticles as a substrate. Microchim. Acta 2017,
184, 3415–3423. [CrossRef]

21. Sheng, W.; Li, Y.Z.; Xu, X.; Yuan, M.; Wang, S. Enzyme-linked immunosorbent assay and colloidal gold-based
immunochromatographic assay for several (fluoro)quinolones in milk. Microchim. Acta 2011, 173, 307–316.
[CrossRef]

22. Deng, B.Y.; Su, C.N.; Kang, Y.H. Determination of norfloxacin in human urine by capillary electrophoresis
with electrochemiluminescence detection. Anal. Bioanal. Chem. 2006, 385, 1336–1341. [CrossRef] [PubMed]

23. Laganà, A.; Marino, A.; Rotatori, M.; Curini, R.; D’Ascenzo, G.; Miano, L. High-performance liquid
chromatographic analysis of norfloxacin in human tissues and plasma with fluorescence detection. J. Pharm.
Biomed. Anal. 1988, 6, 221–228. [CrossRef]

24. Wei, H.; Wang, Y.; Song, E. New Method for Detection of Norfloxacin Nicotinate Based on the CdTe Quantum
Dots. Acta. Chim. Sin. 2011, 69, 2039–2046.

25. Dumont, S.; Jobin, J. Development and Optimization of Immunoassay Method for Detection of Norfloxacin
Residues. Food Sci. 2011, 32, 148–151.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.snb.2017.05.043
http://dx.doi.org/10.1016/j.bios.2017.08.023
http://www.ncbi.nlm.nih.gov/pubmed/28858762
http://dx.doi.org/10.1016/j.bios.2011.12.017
http://www.ncbi.nlm.nih.gov/pubmed/22221797
http://dx.doi.org/10.1016/j.bios.2017.07.035
http://www.ncbi.nlm.nih.gov/pubmed/28756324
http://www.ncbi.nlm.nih.gov/pubmed/26908184
http://dx.doi.org/10.1016/j.bios.2017.08.018
http://www.ncbi.nlm.nih.gov/pubmed/28820986
http://dx.doi.org/10.1007/s00604-017-2359-0
http://dx.doi.org/10.1007/s00604-011-0560-0
http://dx.doi.org/10.1007/s00216-006-0542-y
http://www.ncbi.nlm.nih.gov/pubmed/16773296
http://dx.doi.org/10.1016/0731-7085(88)80048-7
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Apparatus and Reagents 
	Preparation of HRP-NOR 
	Synthesis of PAMAM-Au Nanocomposites 
	Fabrication of the Electrochemical Immunosensor 
	Measurement Procedure 
	Pretreatment of Real Samples 

	Results 
	Characterization of PAMAM-Au Nanocomposites 
	Electropolymerization of p-ABA 
	Optimization of the Immunoassay 
	Optimization of Conditions for Electrochemical Detection 
	Electrochemical Behavior of the Modified Electrodes 
	Electrochemical Measure 
	Evaluation of the Immunosensor 
	Application of the Immunosensor to Daily Animal-Derived Food 

	Conclusions 
	References

