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ma b s t r a c t

An electrochemical, signal amplified immunosensor was developed to detect 3-bromobiphenyl (BBP)

by using a bio-inspired polydopamine (PDOP)/gold nanocluster (AuNc) as the sensor platform and

multienzyme-labeled carbon hollow nanochains as the signal amplifier. The self-polymerized dopa-

mine membrane on the AuNc-modified indium tin oxide (ITO) electrode were characterized by

scanning electron microscopy (SEM), atomic force microscopy (AFM), contact angle and electrochemi-

cal measurements. Such PDOP/AuNc platform featured the mild cross-linking reaction with the dense

immobilization of BBP-antigens (BBP-Ag). Moreover, by using multiple horseradish peroxidase (HRP)

and secondary antibodies (Ab2) modified one-dimensional carbon hollow nanochains (CHNc) as the

signal enhancer, it held promise for improving the sensitivity and detection limit of the immunoassay.

Based on the competitive immunoassay protocol, this immunosensor showed a linear range from 1 pM

to 2 nM for BBP with a detection limit of 0.5 pM. Also, it exhibited high sensitivity, wide linear range,

acceptable stability and reproducibility on a promising immobilization platform using a novel signal

amplifier, which may extend its application in other environmental monitoring.

& 2013 Elsevier B.V. All rights reserved.
p
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In the past several decades, brominated flame retardants (BFRs)
have been widely used to reduce fire risk including household
electrical appliances and textiles, due to their low cost and high
antiflaming efficiency (Birnbaum and Staskal, 2004). The wide
distribution of BFRs and their persistent nature in the environment
can not only bring the environmental safety (Kimbrough, 1987;
Covaci et al., 2011), but also cause several potential risks to human
health, since they can cause endocrine disruption, immunotoxicity
and neurotoxicity on wildlife and humans, including liver enzyme
induction, activation of the aryl hydrocarbon receptor, thyroid
hormone homeostasis disruption and vitamin A level disruption
(Munschy et al., 2011; Tanabe, 2008; Brown et al., 2004). Therefore,
the sensitive detection of BFRs has become a significant subject.
Electrochemical biosensing has been regarded as a promising
technique to monitor BFRs (Centi et al., 2007; Laschi et al., 2003),
owing to its high sensitivity, rapid response and low cost (Kimmel
ll rights reserved.

x: þ86 20 85282366.
et al., 2012). To achieve a much higher selectivity and sensitivity,
the electrochemical immunosensing has recently attracted con-
siderable interest since different immobilization methods and
labeling technologies were explored for the signal amplification
(Ricci et al., 2007).

Firstly, the stability and activity of the immobilized biocompo-
nent was crucial for the sensitivity of immunosensors. Various
functional polymers have brought remarkable innovation in the
construction of biosensors (Haddour et al., 2006; Lin et al., 2012b).
Especially, by combining those stable and versatile polymers with
nanogold, novel biosensors were fabricated, such as nanogold
deposited poly(terthiophene) immunosensor for osteoproteogerin
(Singh et al., 2008), polypyrrole–nanogold functionalized immu-
nosensor for hemoglobin (Qu et al., 2009), polyaniline–gold hybrid
nanocomposite based immunosensor for prostate specific antigen
(Dey et al., 2012) and nanogold/poly(dopamine) based immuno-
sensor for Interleukin-6 (Wang et al., 2011a). By a simple dip-
coating process, the mussel-inspired polydopamine (PDOP) film,
possessing versatile function such as substrate adhesion, electro-
less metallization and facile conjugation (Lee et al., 2007a, 2007b,
2009), exhibited attractive application in chemical, electronic and
biochemical fields (Lee et al., 2007a, 2006). Importantly, the strong
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substrate adhesion of PDOP allowed its formation and attachment
on various surfaces including metals, oxides, semiconductors,
ceramics and synthetic polymers (Lee et al., 2007a). Moreover, as
a product from the self-oxidative polymerization of dopamine (2-
(3,4-dihydroxyphenyl) ethylamine), it comprised an aromatic
structure with catechol group, which was able to capture biomo-
lecule based on necleophilic reaction or Schiff base reaction
between the catechol group of PDOP and the amino group of
protein (Lee et al., 2009), such as portable PDOP modified optical
immunosensor for Human IgG (Liu et al., 2012), PDOP/CNT
modified cytosensor for myoblast cells (Zheng et al., 2012), PDOP
modified immunosensor for sulfate-reducing bacteria (Wan et al.,
2011b) and PDOP-like polymer based substrate for DNA immobi-
lization (Ham et al., 2011). In this work, such PDOP film was
assembled on 3-D gold nanocluster (AuNc) to capture antigen.
Compared with colloidal gold immobilization (Dey et al., 2012; Qu
et al., 2009; Wang et al., 2011a), the covalent bond by PDOP
immobilization was stronger than the adsorption of colloidal gold,
and the mild reaction between PDOP and antigen can preserve
protein activity (Lee et al., 2009).

Moreover, signal amplification based on bio-nanomaterial can
not only produce a synergic effect among catalytic activity,
conductivity and biocompatibility, but also provide amplified
signals by high loading of signal tags (Lei and Ju, 2012). Carbon
nanomaterial has been extensively employed as multi-labeling
amplification (Yang et al., 2010), including carbon nanotube
(Wang et al., 2011a; Zhu et al., 2010), graphene (Du et al., 2011;
Wan et al., 2011a) and carbon sphere (Du et al., 2010; Lin et al.,
2012a). Recently, our team proposed a new type of nanoarchi-
tecture, SnO2@carbon core–shell nanochains (SCNCs), which
achieved satisfactory performance in lithium-ion batteries (Yu
et al., 2011; Zhang et al., 2010) and direct methanol fuel cells
(Yang et al., 2012). Interestingly, a well-defined novel nanostruc-
ture of carbon hollow nanochain (CHNc) was found when SCNCs
were processed under 800 1C at a high argon flow rate. Such 1-D
hollow nanostructure of CHNc was expected to provide fast
electron transfer and dense immobilization of protein owing to
its high surface-to-volume ratio and surface activity (Zhang et al.,
2010). Then, multi-HRP-CHNc-Ab2 was prepared as the electro-
chemical signal amplifier by loading a large amount of horse-
radish peroxidase (HRP) and HRP-labeled secondary antibody
(HRP-Ab2) on CHNc.

In this work, a new antibody of 3-bromobiphenyl (BBP) was
produced by immunizing New Zealand white rabbit with BBP-
antigen (BBP-Ag), and then an electrochemical immunosensor
was fabricated for sensitive detection of BFRs based on a dual
amplification mechanism from the PDOP coated Au nanocluster
(PDOP/AuNc) sensor platform and the multi-HRP-CHNc-Ab2 sig-
nal amplifier. Basing on the competitive immunoassay, BBP-Ag on
the electrode competed with the free analyte in the solution to
capture anti-BBP antibody (BBP-Ab1). The electrochemical signal
of the captured multi-HRP-CHNc-Ab2 label was efficiently
recorded by the catalytic reaction of HRP with the hydrogen
peroxide (H2O2)–hydroquinone (HQ) system.
w
2. Experimental

2.1. Materials and instruments

Gold (III) chloride tetrahydrate and 2-amino-2-hydroxymethyl-
propane-1,3-diol (Tris, C4H11NO3) were purchased from Shanghai
Chemical Reagent Co., Ltd. N-(3-Dimethylaminopropyl)-N0-ethyl-
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
3-bromobiphenyl (BBP) and hydroxybiphenyl (C12H10O) were
bought from J&K Chemical Company. Dopamine hydrochloride
.co
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(C8H11NO2 �HCl) was from Aladdin Chemistry Co., Ltd. HRP, oval-
bumin (OVA) and bovine serum albumin (BSA) were purchased
from Roche Company. HRP-labeled secondary chicken anti-rabbit
antibody (HRP-Ab2, 400 mg mL�1) were bought from Santa Cruz.

Phosphate-buffered saline with 0.05% (v/v) Tween 20 (PBST,
0.01 M, pH 7.4) was prepared by dissolving 2.9 g Na2HPO4 �

12H2O, 0.2 g KH2PO4, 8.5 g NaCl, 0.2 g KCl and 0.5 mL Tween 20
into 1 L water, which was used as the diluent for the immunor-
eagent and washing buffer in the experiment. BBP stock solution
(10�2 M) was prepared by dissolving BBP into ethanol and diluted
to various concentrations by PBS 7.4 containing 4% ethanol.

The surface of PDOP/AuNc was observed by scanning electron
microscopy (SEM, JEOL JIB-4600F, Japan) and atomic force micro-
scope (AFM, Being CSPM 5500, China). AFM measurement was
operated in tapping mode and analyzed by the CSPM Imager
software. Transmission electron microscope (TEM) (Tecnai 12, FEI,
Holland) and FTIR Spectrometer (Nicolet Avatar 360, Thermo,
America) were used to characterize the morphology and surface
groups of CHNc, respectively. All electrochemical experiments were
performed on a CHI660D electrochemical workstation (Chenhua
Instruments Co. Ltd., Shanghai, China) with a three-electrode system
composing a modified indium tin oxide (ITO) electrode (0.35 cm2) as
working electrode, a saturated Ag/AgCl electrode as reference
electrode and a platinum sheet electrode as counter electrode.

2.2. Preparation of antigen and antibody

Firstly, 3-bromo-4-hydroxybiphenyl (C12H9OBr) was synthesized
by the reaction of p-hydroxybiphenyl (C12H10O) and Br2 in glacial
acetic acid with ferrous powder as the catalyst. The product was
purified by column chromatography on silica gel using petroleum
ether/ethyl acetate (25/1) as the eluent. Then, the hapten of BBP, 3-
bromo-4-hexanoic acid-biphenyl (C18H19O3Br), was prepared by 6-
bromocapronate with C12H9OBr. 1HNMR (400 MHz, CDCl3): d11.2
(1H, s), d7.78 (1H, s), d7.55 (2H, d, J¼8.4 Hz), d7.46 (1H, d, J¼8.4 Hz),
d7.42 (2H, t, J¼7.6 Hz), d7.32 (1H, t, J¼7.4 Hz), d6.94 (1H, d,
J¼8.4 Hz), d4.07 (2H, t, J¼6.2 Hz), d2.44 (2H, t, J¼7.4 Hz), d1.93
(2H, q, J¼7.0 Hz), d1.78 (2H, q, J¼7.0 Hz), d1.65 (2H, q, J¼7.0 Hz). MS
m/z¼363 [M]þ , calculated for C18H19O3Br¼363.25.

Hapten was coupled to BSA/OVA as immunogen/antigen by
the active ester method. Briefly, 0.05 mmol hapten and 0.15 mmol
EDC were dissolved in 200 mL DMF. Then, 0.15 mmol NHS was
added and the solution was stirred for 5 h. After the white
precipitate was removed by centrifugation, the supernatant was
added dropwise to BSA or OVA in 3 mL carbonate buffer (pH 9.6),
keeping the ratio of hapten with protein at 100:1. The mixture
was stirred at 4 1C for 12 h, and then dialyzed with 10 mM PBS
(pH 7.4) for 3 days.

Two New Zealand white male rabbits weighing between
2.5 and 3 kg were used at the Guangdong Medical Laboratory
Animal Center. The rabbits were immunized with hapten–BSA in
Freund’s complete adjuvant under aseptic conditions for the first
time. Then, the immunization was repeated 4 times in 3 week
intervals. One week after the third immunization, blood samples
were collected from ear vein of the rabbit and the titer was
examined by ELISA using 3,30,5,50-tetramethylbenzidine and H2O2

as the substrate (Lei et al., 2010; Wang et al., 2011b). Finally, 1
week after the last immunization, the rabbits were killed and the
blood was collected, which was kept at 4 1C overnight and
centrifuged at 5000 r/min for 10 min. The serum was stored in
glycerol (v:v¼1:1) at �20 1C when not in use.

2.3. Preparation of CHNc

The CHNc was prepared according to our previous work with a
little modification (Zhang et al., 2010). Typically, 0.324 g
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Scheme 1. (A) PDOP/AuNc platform for competitive immunoassay of BBP with the multi-HRP-CHNc-Ab2 conjugate as signal amplifier. (B) PDOP coating and one-step

protein immobilization through the reaction between amino groups of proteins and PDOP-coated substrates.
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Na2SnO3 �3H2O and 6 g D-glucose were dissolved in 40 mL water,
and transferred into a 50 mL Teflon-lined stainless steel auto-
clave. Then, the precipitate was heated at 180 1C for 4 h, followed
by washing with water and ethanol twice, respectively. After it
was dried at 50 1C overnight, the product was heated to 800 1C at
a rate of 5 1C min�1, held at 800 1C for 4 h and cooled down in Ar
atmosphere. Finally, it was treated by sonication in 2 M H2SO4,
stirred overnight, washed and dried at 50 1C, CHNc was then
obtained.

2.4. Preparation of multi-HRP-CHNc-Ab2 conjugate

Typically, 1.0 mg of CHNc was dispersed into 2.0 mL of water.
After sonication for 30 min, the dispersion was mixed with 10 mg
EDC and 1.4 mg NHS, followed by washing with water twice. The
precipitate was then redispersed into 1 mL PBST (pH 7.4) and
ultrasonicated for 10 min. Then, it was gently mixed with
4 mg mL�1 HRP and 20 mg mL�1 HRP-Ab2, and stirred at 4 1C
overnight. After centrifugation at 12,000 rpm for 15 min, the
product was washed with PBST twice. Finally, it was dispersed
in 1 mL PBST and stored at 4 1C when not in use.

2.5. Fabrication of the immunosensor

As shown in Scheme 1A, the PDOP–AuNc platform worked as
the sensor surface. A cleaned ITO electrode was scanned in
0.5 mM HAuCl4 (in 0.5 M H2SO4) in the range from �0.3 to
0.3 V for 5 cycles at a scan rate of 50 mV s�1. According to earlier
work (Lee et al., 2009), PDOP was coated onto AuNc/ITO by
dropping 40 mL of 2 mg mL�1 of dopamine in 10 mM Tris buffer
(pH 8.5) onto the electrode surface and sealing for 12 h, followed
by rinsing and drying.

For the antigen immobilization, 40 mL of BBP-Ag solution
(1:50, 30.04 mg mL�1) was spread onto the PDOP/AuNc surface.
The electrode was incubated at 4 1C overnight and rinsed with
PBST. Then, it was incubated in 30 mL of 5% skim milk at 37 1C for
1 h to prevent the nonspecific binding.
m
.cFor the competitive immunoreaction, 5 mL of BBP sample was

rapidly mixed with 45 mL of BBP-Ab1 (1:60, 9.57 mg mL�1), and
then a portion (30 mL) of the mixture was dropped onto the Ag/
PDOP/AuNc surface. The competitive reaction was conducted at
37 1C for an hour. After washing, the electrode was incubated
with 30 mL of multi-HRP-CHNc-Ab2 solution for another 60 min.
The electrochemical signal was collected in 1/15 M PBS contain-
ing 1 mM HQ, which was characterized by cyclic voltammetry
between �0.6 V and 0.8 V before and after the addition of
1.5 mM H2O2.
3. Results and discussions

3.1. Characterization of the PDOP/AuNc platform

As shown in Scheme 1B, the PDOP/AuNc platform was used to
immobilize the antigen. The catechol groups of the PDOP film can
chemically capture the amino groups of BBP-Ag based on necleo-
philic reactions or Schiff base reactions (Lee et al., 2009). The
digital images of ITO electrode surfaces were shown in the
supporting information (Supporting information: Fig. S1). Com-
pared with bare ITO (Fig. S1a), a light blue layer (Fig. S1b) can be
observed after the electrodeposition, which further changed to
dark blue after PDOP was formed (Fig. S1c).

Fig. 1A and B was SEM images of AuNc before and after PDOP
modification. As shown in Fig. 1A, it revealed that a relatively
monodispersed AuNc with average cluster diameter of about
60 nm was successfully assembled on the electrode surface.
Fig. 1B was SEM image of PDOP/AuNc on ITO, where a different
nanostructure can be observed, indicating PDOP film has been
formed on AuNc.

AFM analysis can provide useful information on the surface
property of the sensor. Bare ITO (Fig. 1C) was relatively smooth with
an average surface roughness of 2.0570.12 nm and a surface area
of 170.4 mm2, which was calculated by the CSPM Imager software.
After the assembly of AuNc/PDOP, a densely packed nanostructure
layer was observed (Fig. 1D), suggesting that AuNc/PDOP achieved
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Fig. 1. SEM images of (A) the electrodeposited AuNc and (B) PDOP coated AuNc on ITO. Tapping mode AFM of (C) bare ITO, (D) PDOP/AuNc/ITO and (E) 3D image of

BBP-Ag/PDOP/AuNc/ITO.
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nearly complete coverage on ITO. The average surface roughness
was 14.772.0 nm, with an 11-fold increase in surface area over
bare ITO, indicating the successful increase in PDOP active sites.
Fig. 1E displays the three-dimensional AFM image after the immo-
bilization of BBP-Ag. A rolling hill-like appearance was observed,
which was generally characteristic of globular protein coated on a
rough surface (Balamurugan and Chen, 2008; Mani et al., 2009).
Furthermore, the biocompatibility of the sensor surface can be
characterized by its hydrophilicity from the contact angle measure-
ment, which can be found in the inset of the corresponding AFM
image. Comparing with bare ITO, the contact angle did not change
significantly (from 821 to 80.51) after AuNc coating (Supporting
information: Fig. S1), while that of PDOP/AuNc/ITO dramatically
decreased to 46.51, indicating the PDOP-modified ITO could provide
a more hydrophilic surface for protein immobilization.

In addition, the electrochemical characterization of the PDOP/
AuNc platform was discussed in detail (Supporting information:
Fig. S2). In Fig. S2A, cyclic voltammogram for bare ITO (line a)
showed a relatively low current response due to the relatively low
activity of ITO surface. When a thin layer of PDOP was directly
formed on ITO (Fig. S2A, line b), the current increased a little,
suggesting the electron transfer was improved by the electro-
chemical activity of PDOP. However, if AuNc was decorated on
ITO surface before PDOP film, the AuNc/PDOP (Fig. S2A, line c)
exhibited a much larger current increase from �0.6 to �0.2 V,
indicating a further increase in the conductivity of the platform.

The protein capturing property of the platform was studied by
direct immobilization of HRP onto the PDOP/AuNc surface. Briefly,
30 mL of 4 mg mL�1 HRP was spread on the PDOP/AuNc electrode
and incubated overnight. Electrochemical measurements were per-
formed in 10 mL PBS buffer (pH 7.4) containing 1 mM HQ. Fig. S2B
displays the cyclic voltammograms without (d) and with (e) the
addition of 0.5 mM H2O2. Compared with curve d, a decrease in
oxidation peak and an increase in reduction peak can be found after
the addition of H2O2 (curve e), which was characteristic of the
enzyme-catalyzed electrochemical reduction. During the process,
HRP reduced H2O2 to H2O by a 2-electron pathway through its
oxidative state (HRP-Ox), which can be described as follows:

HRP (Fe3þ)þH2O2-HRP-Ox I (Fe4þ
¼O, Pdþ)þH2O (1)

HRP-Ox I (Fe4þ
¼O, Pdþ)þHQ-HRP-Ox II (Fe4þ

¼O)þQd (2)

HRP-Ox II (Fe4þ
¼O)þHQ-HRP (Fe3þ)þQd

þH2O (3)

Qd
þHþþe�-HQ (electrode reaction) (4)

In the above reactions, HRP (Fe3þ) stands for the native enzyme
and HRP-Ox I refers to an oxidized form of HRP consisting of an
oxyferryl Fe (Fe4þ

¼O) and porphyrin p cation radical (Pdþ)
(Ferapontova et al., 2001). HRP-Ox I is then reduced to native
HRP by an electron donor (HQ) in two steps, where HQ stands for
hydroquinone. The formed oxidized donor, Qd, is then electro-
chemically reduced by the electrode. Therefore, the observed
current is relative to Qd concentration in the solution, which
depends on the content of HRP. The change of reduced current
(DI) before and after the addition of H2O2 was adopted as the
detection signal.

3.2. Characterization of CHNc and multi-HRP-CHNc-Ab2 conjugates

Briefly, SnO2@CPS was synthesized by the hydrothermal
method (Zhang et al., 2010). Such precursor was subsequently
treated under 800 1C at a high argon flow rate, when a visible
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layer with metal luster can be found around the crucible after
calcination. It can be regarded as a result of the carbothermic
reduction reaction between SnO2 and the carbon shell, since Sn
was easy to melt (m.p.: 232 1C; Zou and Wang, 2011) and then
escaped from the shell. In Fig. 2A, TEM demonstrated a distinct
hollow ring-like superstructure resulting from the exsolution of
core material, which was very different from earlier works (Zhang
et al., 2010; Yu et al., 2011). Moreover, in the XRD pattern
(Fig. 2B), the peaks of SnO2 disappeared (Yu et al., 2011) and a
characteristic XRD pattern of Sn was observed (JCPDS file, 86-
2265), further indicating that SnO2 nanoclusters were fully
dissolved.

The surface functional groups of CHNc were critical for the
subsequent fabrication of the multi-HRP-CHNc-Ab2 conjugate. In
Fig. 2C, the strong characteristic peak at 3428 cm�1 was related to
the stretching vibration of hydroxyl group, while the absorption
peaks at 1590 cm�1 and 1250 cm�1 were attributed to the
asymmetric and symmetric stretching vibrations of COO� group,
respectively, suggesting the existence of available carboxyl group
on CHNc surface (Lin et al., 2012a; Sun and Li, 2004), which can be
activated by EDC/NHS to form an intermediate ester with the
amine residues of protein (Lin et al., 2011; Yu et al., 2006). Fig. 2D
shows the UV–vis absorption of the as-prepared conjugate (a),
CHNc (b), HRP (c) and Ab2 (d). The CHNc carriers (curve b)
showed no distinct UV–vis absorption in PBS buffer. However, a
strong absorption peak located at 410 nm and a relatively weak
peak appeared at about 280 nm were found from the multi-HRP-
CHNc-Ab2 conjugate (curve a). The peak dominated at 280 nm,
similar to curve d, was typical absorption of protein, whose
intensity was relative with the protein content. However, com-
paring with HRP (curve c), the ratio of peak intensity at 280 nm
and 410 nm increased for the conjugate (curve a), indicating the
peak dominated at 280 nm for the conjugate may be an overlay of
Ab2 and HRP.
.sp

3.3. Optimization of detection conditions

The influence of dilution ratios of BBP-Ag, BBP-Ab1 and multi-
HRP-CHNc-Ab2 conjugate were studied in detail (Supporting infor-
mation: Fig. S3). Fig. S3A displays the relationship between the BBP-
Ag concentration and the signal intensity. A linear increase of DI was
found from 400-fold dilution to 100-fold dilution, and tended to
level off after 100-fold dilution. Thus, the 100-fold dilution was
selected as the optimal antigen dilution ratio. Moreover, the amount
www
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Fig. 2. TEM (A), XRD (B) and FT-IR spectra (C) of CHNc; (D) UV–vis spectra in PBS 7

HRP-Ab2 (d).
of Ab1 was critical in the competitive immunoassay. Excessive Ab1

will result in inefficient competition, while insufficient Ab1 will lead
to a narrow detection range. Fig. S3B shows the optimization curve
of Ab1 concentration ranging from 160-fold dilution to 40-fold
dilution. DI increased sharply with the increase of Ab1 concentra-
tion, peaking at 60-fold and then started to decrease, indicating that
the 60-fold dilution was the optimal concentration. Furthermore,
the dilution ratio of multi-HRP-CHNc-Ab2 conjugate was optimized
as 2-fold (Fig. S3C). Finally, the effect of pH of the working buffer
was studied between 5.29 and 8.67 in PBS. As shown in Fig. S3D, the
amperometric response increased from 5.29 to 6.81 and decreased
from pH 6.81 to 8.67. Therefore, PBS of pH 6.81 was selected.
m
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amplified immunosensor

Fig. 3A showed the detection performance of the immunosen-
sor using conventional HRP-Ab2 as the detection label. The
current response of the PDOP modified immunosensor (Fig. 3A,
inset a) with 0.2 nM BBP was 30.9 mA, while the response of the
PDOP/AuNc modified immunosensor was 49.1 mA (Fig. 3A, inset
b), indicating such PDOP/AuNc structure immobilized much more
antigens. In addition, the response of the PDOP/AuNc modified
immunosensor decreased with the increase in BBP concentration,
indicating BBP can efficiently inhibit the antigen–antibody reac-
tion. A linear relationship between DI and the logarithm of the
BBP concentration was found as DI¼40.6�10.6lg [BBP] in the
range of 0.02 and 2 nM with a correlation coefficient of 99.5%. The
sensitivity, the slope of the calibration curve, was about
10.6 mA (lgnM)�1.

As shown in Scheme 1A, the multi-HRP-CHNc-Ab2 conjugate,
instead of conventional HRP-Ab2, was used as the label in the
electrochemical immunoassay for BBP. The current response of the
PDOP/AuNc modified immunosensor for 0.2 nM BBP by using the
multi-HRP-CHNc-Ab2 conjugate (Fig.3B, inset b) was 63.2 mA, which
was 28.7% larger than that of the immunosensor using the conven-
tional HRP-Ab2 label (Fig.3A, inset b). Under the optimized condi-
tions, Fig. 3B showed the current response of the immunosensor
decreased with the increase in BBP concentrations. A linear relation-
ship between the current response and the logarithm of BBP
concentrations (Fig. 3B, inset a) was described as DI¼91.7�
12.2lg [BBP] (r¼99.7%) in the range from 1 pM to 2 nM with a
detection limit of 0.5 pM (S/N¼3). The sensitivity, 12.2 mA (lgpM)�1,
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www.spwas larger than that with conventional HRP-Ab2, which was due to
the increased HRP molecules by CHNc labeling.

3.5. Specificity, precision, reproducibility and stability

of immunosensor

Specificity is a commonly evaluated parameter for the valida-
tion of antigen–antibody binding, which was determined by
measuring the cross-reactivity (CR) to some structurally related
compounds (Lei et al., 2010). The value of CR was calculated
according to the following equation:

CR¼
C½Interference�

C½BBP�
� 100% ð5Þ

where C stood for the apparent concentration of the analyte,
including BBP, 2-bromobiphenyl (2-BBP), 4-methylbiphenyl
(MBP), 4,40-dihydroxybiphenyl (DHBP) and 2,30,5-tribromobiphe-
nyl (TBBP). Sample of 0.2 nM BBP and interferences were exposed
to the immunosensor, respectively, when the apparent concen-
tration was calculated from DI using the standard curve of BBP. As
shown in Fig. 4, the CR value for 2-BBP, MBP, DHBP and TBBP
were 6.95%, 5.54%, 4.26% and 5.11%, respectively, which meant
the presence of those compounds cannot interfere significantly in
the detection of BBP, therefore, the selectivity of the proposed
immunosensor was reasonable.

The precision and reproducibility of the immunosensor was
estimated by intra- and inter-assay study. The intra-assay
.co
precision was evaluated by analyzing two concentration levels
for five times by the same immunosensor, where the coefficient of
variations were 6.8% and 6.2% at 10 pM and 200 pM of BBP,
respectively. The inter-assay precision was evaluated by analyz-
ing one concentration using five immunosensors, where the
coefficient of variations of inter-assay were 9.5%, 8.6% and 8.5%
at 20 pM, 50 pM, and 100 pM of BBP, respectively. Thus, the
reproducibility of the proposed immunoassay was acceptable.

The stability of the multi-HRP-CHNc-Ab2 conjugate was exam-
ined. The bioconjugate was stored in PBS 7.4 at 4 1C when not in
use. The response of the bioconjugate retained about 87.5% of
initial intensity after a storage period of 30 days. The stability of
the fabricated immunoassay was also tested, showing that about
82.5% of initial current response was retained after 2 weeks’
storage at 4 1C, indicating that the immunosensor was of accep-
table stability.

3.6. Application in river water samples

Coastal and estuarine areas are major nursery zones for a
variety of fish species, whereas they also receive contaminant
inputs from various human activities. The river water from the
estuary of the Pearl River was collected, and used as sample
solvent. The immunosensor was evaluated by the addition of 10,
20, 50, 100 and 200 pM BBP in water sample by standard addition,
in which the recoveries ranged from 96.5% to 103.8% (Supporting
information: Table S1), indicating that the suitability of the
immunosensor as a reliable detection method of BBP in the
environmental sample.
4. Conclusion

In this work, a highly sensitive and selective immunosensor
was successfully designed for the detection of BBP basing on a
dual amplification strategy. The PDOP/AuNc substrate provided a
desirable platform for the antigen immobilization through facile
chemical reaction, where AuNc can improve the specific surface
area and the conductivity of PDOP film. Moreover, novel one-
dimensional CHNc was employed as enzyme-loading carrier for
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the fabrication of multi-HRP-CHNc-Ab2 conjugate, allowing
higher signal response than conventional HRP-Ab2. Under the
optimized conditions, the detection limit for BBP was as low as
0.5 pM with a relatively wide linear range from 1 pM to 2 nM,
while the reproducibility, stability and precision were fine. Such
facile protein conjugating PDOP/AuNc platform, together with the
signal amplification strategy, should result in sensors and nanos-
tructures with important applications in environmental monitor-
ing, disease diagnosing, process control and field application.
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