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A label-free amperometric immunosensor was manufactured for the fast and sensitive detection of
Benzo[a]pyrene. Prussian blue was firstly electrodeposited onto a glass carbon electrode as an electron
mediator. Afterwards nano-gold layer was formed on the prussian blue film by electrochemical
reduction of HAuClI, solution. Then, L-cysteine and nano-gold particles were self-assembled layer-by-
layer. Finally, anti-benzo[a]pyrene was adsorbed onto the bilayer nano-gold films to construct a
sensitive immunosensor. Under the optimal experimental condition, the current response of the
immunosensor was inversely proportional to the concentration of benzo[a]pyrene in the range of
0.2~100 ng-mL™* with a detection limit of 0.08 ng-mL™. The reported immunosensor exhibited a long-
term stability and was easy to be regenerated. This method was applied to the benzo[a]pyrene
detection in waste water samples with satisfactory results.
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1. INTRODUCTION

Benzo[a]pyrene (BaP) is a polycyclic aromatic hydrocarbon found in coal tar. Its metabolites
are mutagenic and highly carcinogenic, and it is listed as a Group 1 carcinogen by the International
Agency for Research on Cancer [1,2]. The compound is formed by a benzene ring fused to pyrene, and
is the result of incomplete combustion. It is usually found in coal tar, in automobile exhaust fumes, in
all smoke resulting from the combustion of organic material including cigarette smoke, and in
charbroiled food [3,4]. The US Environmental Protection Agency and the European Community have
identified BaP as priority pollutants [5,6]. Therefore qualitative and quantitative detection of BaP is of
great significance in the environmental monitoring and environmental control.


http://www.electrochemsci.org/
mailto:zzyy696@sina.cn

Int. J. Electrochem. Sci., Vol. 9, 2014 3737

The main methods used for the determination of BaP are fluorometry, gas chromatography and
high-performance liquid chromatography (HPLC) [7-10]. These methods exhibit high sensitivity, but
need relatively expensive instrument, sample pretreatment and long time to complete the determination
process. However, there is a huge demand for rapid, sensitive, low-cost and on-site detection in
environmental monitoring.

The electrochemical immunoassay combines successfully the specificity of immuno-chemical
systems with the advantages of electrochemical transducer [11,12]. In addition, electrochemical
immunoassay is compatible to miniaturization for producing portable device. Therefore, this method
has attracted great attention for the on-site screening of environmental pollutants [13,14]. Prussian blue
(PB) is a prototype of metal hexacyanoferrates, and has been widely used as a good electron transfer
mediator for analytical applications and has found a wide use in the biosensor development [15,16].
Nanometer-size gold (NG) particles have been extensively studied in immobilization biomaterials via
the large specific surface area, low electron transfer impedance, desirable biocompatibility and high
surface free energy [17-19].

In order to enhance the sensitivity of the immunoassay, a new type of voltammetric
immunosensor made of PB and nano-gold NG for analysis Bap was reported. The preparation,
characterization, and possible application of the immunosensor were described. Additonally, several
parameters, such as pH value of the supporting electrolyte, the incubation time and incubation
temperature were optimized. The performance of the resulting immunosensor was investigated in
detail for the determination of environmental BaP.

2. EXPERIMENTAL

2.1. Reagents

BaP, Fluoranthene, phenanthrene, naphthalene, anthracene and HAuCl,-4H,O were purchased
from Shanghai Chemical Reagent Company. Ovalbumin (OVA, MW45000) was purchased from Sino-
American Biotechnology Company. Phosphate buffered solutions (PBS, 0.1 mol-L™) at various pH
were prepared by using the stock solutions of K;HPO,, KH;PO,4 and 0.1 mol-L™* KCI, then adjusting
the pH with 0.1 mol-L™* NaOH and H3PO,. All reagents used herein were of analytical grade. Doubly
distilled water was used throughout.

2.2. Apparatus

Voltammetric measurements were performed with a CHI 660A electrochemical workstation
(CH Instruments, Chenhua Co., Shanghai, China) in a conventional three-electrode cell. A
conventional three-electrode system was used comprising of a modified GCE as the working electrode
with a diameter of 3 mm, a saturated calomel electrode (SCE) as the reference electrode and a platinum
wire as the counter electrode. The size of NG particles was estimated from a transmission electron
microscope (TEM) (H800, Hitachi Instrument, Japan).
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2.3 Preparation of the NG particles

All glassware used in the following procedure was cleaned in a bath of K,;Cr,0;-H,SO4
solution, rinsed thoroughly in twice distilled water and dried in air. NG particles were prepared
according to the literature [20]. 2.5 mL 1% (w/w) sodium citrate solution was quickly added to 100 mL
boiling aqueous solution containing 1 mL 1% (w/w) HAuCl, with vigorously stirring. Boiling was
continued for an additional 15 min. The heater was removed and the solution was naturally cooled to
the room temperature. The color of the NG solution was claret and the average diameter of the NG
particles was about 16 nm (Figure 1). The prepared NG solution was stored at 4 °C in dark glass
bottles ready for use.

Figure 1. The TEM images of NG particles

2.4 Preparation of BaP polyclonal antibodies

Two male New Zealand white rabbits were immunized with BaP-BSA conjugates. The immune
response consisted of an initial primary response followed by a secondary immune response. The
initial dose for the primary immune response injection was 0.5mg-kg™ of the immunogen to the rabbit
bodyweight, with complete Freund’s adjuvant. Four weeks after the initial injection, the rabbit
received booster injection every 2 weeks, 7-10 days after the third booster injection, the rabbits were
bled from the ear vein and the sera were tested for titer by the agar diffusion test and the indirect
fluoroimmunoassay. The antiserum from the rabbit was purified by the method of octanoic acid
ammonium sulfate two-step precipitation, and the purified antiserum was freeze dried and stored in
aliquots at -20 °C.

2.5 Fabrication of the immunosensor

Prior to surface modification, the GCE was polished sequentially with 0.3 and 0.05 um alumina
slurries on the polishing cloth to produce a mirror-like surface. It was then sonicated for 2 min in
Imol-L™* HNOj, absolute ethanol and water, respectively. Following this pre-treatment, the PB film
was electrodeposited on the GCE by applying a constant potential of 0.4 V (vs. SCE) for 40 s in an
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aqueous solution containing 2.5 mmol-L™*FeCls, 2.5 mmol-L™ K3[Fe(CN)g], 0.1 mol-L™*KCI and 0.1
mol-L HCI [21]. Afterwards the electrode (PB/GCE) was washed carefully with water and
electrochemically scanned between -0.05 and 0.35 V (vs. SCE) at a sweep rate of 50 mV-s™ in 0.1
mol-L KCI + 0.1 mol-'L™* HCI solution for 25 cycles to activate the PB film. After washing with
water, the electrode was dried at 100 °C for 1 h and cooled to the room temperature. A layer of NG
was deposited on the PB/GCE by applying a constant potential of -0.2 V for 30 s in a 100 mg-L™
HAuUCI, solution. Afterwards, the modified electrode (NG/PB/GCE) was rinsed with water and
immersed in a pH 4.5 PBS containing 0.2 mol-L™ L-cysteine (LC) for 4h to self-assemble LC. The
obtained electrode (LC/NG/PB/GCE) was thoroughly washed with water to remove the physically
absorbed LC. Subsequently, the resulting electrode was immersed in NG at 4 °C overnight to form
another NG monolayer. Then the modified electrode (NG/LC/NG/PB/GCE) was immersed in a 0.5 ml
anti-BaP solution at 4 °C overnight. At last the multilayer modified electrode (anti-BaP
/NG/LC/NG/PB/GCE) was incubated in 1% OVA solution for about 2 h at 37 °C to block the
remaining active site of the NG layer and to avoid the non-specific adsorption. The finished
immunosensor was stored at 4 °C until required. The construction procedure of the immunosensor is
shown as Scheme 1.
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Scheme 1. Preparation process of the immunoelectrode on the surface of GCE

2.6 Experimental measurements

Before each measurement, the immunosensor was incubated in a PBS (pH7.4) solution
containing various amounts of BaP at 35 °C for 20 min. The electrochemical measurements were
performed in the potential range of - 0.1 to 0.4 V (vs. SCE) at a scan rate of 100 mV-s™in the 0.1
mol-L* KCI + 0.1mol-L™ PBS (pH7.0) buffer solution. All measurements were carried out at a
temperature of 25 °C.
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3. RESULTS AND DISCUSSION

3.1 Electrochemical characteristics of the immunosensor

The cyclic voltammograms of different modified electrodes in PBS (pH7.0) were showed in
Fig. 2. There was no obvious redox peak at the bare GCE due to the lack of electron mediator. When
violet-blue PB was electrodeposited onto the GCE surface, a pair of well redox peaks were achieved
(Fig. 2a) at 0.20 V and 0.14 V (vs. SCE). The ratio of the redox peak current was 1, indicating that PB
was a good electron transfer mediator. After the deposition of Au via electrochemical reduction of
HAuCI,, the redox peak potentials remained the same as that of PB/GCE whilst the peak current
decreased (Fig. 2b). This phenomenon is due to the fact that NG particles are similarly to a conducting
wire or electron-conducting tunnel [22], hence enhance the reversibility of the electrochemical
reaction; whilst the porous NG film increased the thickness of the film on the electrode surface and
partly blocked direct access for the redox couple to diffuse to the GCE surface. LC owns mercapto-
and amino- functional groups and has a pKa value of about 5.07. LC exists as a cationic form at pH
sufficiently below the pKa since most of the amino groups are protonated. On top of the deposited NG
particles, a thin layer of positively charged LC film is self-assembled via the chemical bonding
between their mercapto groups and Au. The self-assembled LC film decreased the peaks current and
increased the redox potential peak difference to 72 mV (Fig. 2c). After the modified electrode was
immersed in the negatively charged NG colloids [23], NG particles were firmly anchored to the
LC/NG/PB/GCE via the electrostatic interaction and the covalent bond between Au and amino groups
of the LC. Both the redox current and the peak potential difference decreased (AE = 65 mV) (Fig. 2d).
When anti-BaP and OVA were immobilized, the medication layer became less conductive and the
peak current was reduced furthermore (Fig. 2e).
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Figure 2. Cyclic voltammograms of substrate at different electrodes (a) PB/GCE; (b) NG/PB/GCE; (c)
LC/NG/PB/GCE; (d) NG/LC/NG/PB/GCE; (e) OVA/anti- BaP/LC/NG/PB/GCE; (f) e treated
with the IOng-mL'1 BaP. Scan rate, 100mV-s™.
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After the immunosensor was incubated with 10 ng-mL™ BaP solution, the amperometric
response exhibited dramatic decrease (Fig. 2f). The reason was that the formed immunocomplex acts
as an inert layer blocking the electron and mass transfer, which shielded the active center of the
mediator and decreased its ability to transfer electron. When a large amount of immunocomplexes
were formed, the surface of the electrode was totally blocked by the complexes and the redox peak
disappeared.

Electrochemical impedance spectroscopy (EIS) is an effective method for probing the
interfacial properties of modified electrodes. Figure 3 showed the EIS results of different modified
layer in the presence of redox probe [Fe(CN)s]*">. They were measured at the formal potential of the
electrochemical probe. It could be seen that the bare electrode exhibited an almost straight line. It
indicated a diffusion limiting process of electrochemical process (Fig. 3a). After deposition a layer of
PB (Fig. 3b), the EIS of the PB/GCE was similar to that of the bare GCE. This implied that the
conductivity of the PB/GCE was essentially equivalent to a bare GCE. When gold nanoparticles were
electrodeposited, the semicircle diameter increased (Fig. 3c), indicating that the NG film obstructed
electron-transfer of the electrochemical probe. After self-assembled LC (Fig. 3d) and NG film (Fig.
3e), the semi-circle diameter in the impedance spectrum increased gradually. This was attributed to the
immobilization of LC and NG on the NG/PB/GCE film that hindered the access of the redox probe to
the electrode. With the stepwise assembly of antibody and OVA on the modified electrode, the
semicircle diameter surprisingly increased (Fig. 3f), due to the formation of insulating protein layers.
The electron transfer resistance increased further after the immunosensor was incubated with BaP
solution (Fig. 3g). The results indicated that the anti-BaP and model pollutant were successfully fixed
on the modified electrode surface for further work.
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Figure 3. Electrochemical impedance spectroscopy of the different modified electrodes. (a) a bare
GCE, (b) PB/GCE, (c) Au/PB/GCE, (d) LC/NG/PB/IGCE; (e) NG/LC/NG/PB/GCE; (f)
OVA/anti-BaP/LC/NG/PB/GCE; (g) BaP-OVA/anti-BaP /NG/PB/GCE. Formal potential:
220mV.
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3.2 Optimization of the assay conditions

3.2.1 pH value of the supporting electrolyte

The influence of pH value of the supporting electrolyte on the performance of the
immunosensor was studied (Fig. 4a). With the increase of the pH value from 5.5 to 8.0, the cathodic
peak potential shifted to the negative potential and the peak current decreased. The reason is the fact
that the reduced form of PB can be dissolved at high pH values [24]. Therefore, PB-film modified
electrode is not stable at pH value above 7.0. Moreover, the activity of the antibody and antigen are
inhibited at a pH value which is either higher or lower than the physiological pH. All the experiments
were carried out in pH 7.0 of PBS.

3.2.2 The incubation time

The immunosensor was incubated in pH 7.4 PBS containing 80 ng-mL ™" BaP for different time.
It could be seen that the peak current decreased rapidly with time up to 20 min and then leveled off
slowly in Fig.4b [25]. Longer incubation time was not able to improve the response. It suggested that
the interaction reached the maximum value. The incubation time of 20 min was chosen for the
preparation of immunosensor.

3.2.3 Incubation temperature
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Figure 4. The influence of (a) pH, (b) incubation time and (c) temperature on the current responds of
the immunosensor in base solution after incubated in 0.1 mol-L™* PBS (pH7.4) containing 80
ng-mLf1 BaP.

Incubation temperature was also an important factor to immunoreaction. The effect of
incubation temperature on the reduction current response at the range from 20 to 50 °C was exhibited
(Fig.4c). It was found that the current decreased with the increasing temperature and reached a
minimum value 35°C. Then, it increased slowly when temperatures were over 35 °C. It may be
attributed to the activity of antibody decreased and weakened the immunoreaction resulting. When
temperatures were up to 40 °C, the current response were deterioration because of denaturation of
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proteins caused by the high temperature. It is well known that long-time usage in high temperature
may damage multilayer film and affect the lifetime of immunosensor [26]. Considering the activity of
biomolecule and the sensitivity of the sensor, we employed 35 °C as the incubation temperature.

3.3 Performance of the immunosensor

3.3.1 CV response and calibration curve

Under the optimum working conditions, the reduction peak current changed in proportion to
the concentration of BaP, and thus could be used for quantitative determination of BaP with the
proposed immunosensor. The calibration curve for determination of BaP was characterized under the
optimized experiment conditions. It could be seen that the cathodic peak current response was
inversely proportional to the analyte concentration in the range of 0.2 to 100 ng-mL™ in figure 5. The
linear equation was I (uA) = 39.3601 - 0.301C (ng'mL™) (R*= 0.9853) with a detection limit of 0.08
ng-mL™* (S/N=3).
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Figure 5. Cyclic voltammograms of the immunosensor in 0.1 mol-L™ PBS (pH7.0) containing 0.1
mol-L KCI after incubated in 0.1 mol-L™*PBS (pH7.4) containing different concentrations of
BaP. Cgp/ ng-mL ™ from a to f: 0.2,1,5,10, 40,70, 100. Scan rate: 100 mV-s™

3.3.2 Selectivity

Under the optimum conditions, the potential interferences of naphthalene, anthracene,
fluoranthene and phenanthrene were studied to investigate the selectivity of the immunosensor (Table
1). The current obtained for each interference at a concentration of 60 ng-mL™ in the presence of 60
ng-mL™ BaP was studied in comparison with the BaP reading alone. It was found that the peak current
response was decreased to 91%, 88%, 95% and 92%, respectively. The results showed there was no
obvious interference under the experimental conditions.
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Table 1. The selectivity of the immunosensor (n=3)

peak current (uA) 21.4 195 18.8 20.3 19.7

reduction rate (%) 91 88 95 92

3.3.3 Regeneration and stability

The prepared immunosensor could be regenerated by simple immersing in a stirred
regeneration solution consisting of 0.2 mol-L™ glycine - HCI (pH 2.8) and 0.25 mol-L™ NaCl for about
5min after each usage. The immunosensor kept 88% of the original amperometric value after reusing
for 7 times because the activity of proteins was degraded gradually.

The stability of the successive assays was studied from the amperometric response to 50
ng-mL™ BaP. The relative standard deviation of 3.5% for 7 times detections was acquired. After one
month storage in the refrigerator at 4 °C and measured intermittently (every 6 days), 90% of the initial
response current remained. The good stability arises from the fact that BaP nanoparticles not only
provide a natural environment for biocompatibility but also can strongly interact with antibody
molecules.

3.3.4 Application

The immunosensor was applied to the determination of BaP in water samples with the standard
addition method. Waste water from the coke-oven plant was selected as representative samples. Water
samples were collected in bottles, filtered and adjusted to pH 7.0 with 0.1mol/L H3PO,4 or NaOH. The
quantitative recoveries of 90.9 ~ 107.5% were obtained and shown in Table 2.

Table 2. Recovery of spiked sample (n=5)

Initial value Recovery
(ng-mL %) (%)
6.6 10 17.1 107.5

20 26.4 97.0

30 36.3 95.5

40 46.0 90.9

4. CONCLUSIONS

A new antibody immobilization strategy for developing a stable and sensitive amperometric
immunosensor for the determination of environmental BaP was studied. Under the optimized
conditions, the proposed immunosensor was calibrated in the working range of 0.2 ~ 100 ng-mL™ with
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a detection limit of 0.08 ng-mL™ (S/N=3) for BaP. The immunosensor exhibited several attractive
features such as the simple preparation, fast amperometric response, long-term stability and good
reproducibility. The proposed method is promising to be further developed for the device fabrication in
monitoring the environmental condition.
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