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Abstract Bisphenol A (BPA) is widely used in consumer
products such as plastic bottles and food containers. It has
become a ubiquitous environmental contaminant and poses a
serious risk to human health. A rapid, sensitive, and high-
throughput method for detecting BPA is therefore desirable.
Herein, a donor/acceptor nanoparticle pair-based singlet oxy-
gen channeling chemiluminescence homogenous immunoas-
say is developed for the determination of BPA. The donor
nanoparticles were modified with phthalocyanine as a photo-
sensitizer and were then coated with streptavidin. The accep-
tor nanoparticles were doped with thioxene derivatives and
Eu(III) as a chemiluminescence emitter and then coated with
anti-BPA antibody. Under light irradiation, oxygen near the
donor surface transforms to singlet oxygen (1O2), which mi-
grates to the acceptor and reacts with it, generating lumines-
cence. Because 1O2 has a very short lifetime, luminescence is
generated only when the donor and acceptor are in close

proximity. This occurs when they are brought together by
the antigen/antibody and streptavidin/biotin reaction. Based
on this singlet oxygen channeling mechanism, a competitive
homogenous chemiluminescence immunoassay for BPA was
developed on 384 microplates. The assay exhibited linear de-
tection over the range 10–1000 ng/mL and a limit of detection
of 2.9 ng/mL. The intra- and inter-assay precisions were both
below 5.1 %. The average recoveries of three spiked samples
in tap and river water samples were in the range 95.5–
121.0 %, in agreement with values obtained using high-
performance liquid chromatography. The homogeneous assay
is rapid, low cost, sensitive, and allows high-throughput, so is
well suited for screening large numbers of environmental
samples.
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Introduction

Bisphenol A [BPA; 2,2-bis(4-hydroxyphenyl)propane] has re-
ceived increasing attention because of its widespread applica-
tion and adverse effects on human health. It has recognized
estrogenic-like properties [1, 2] and has been associated with
breast carcinogenesis [3] and neurotoxic effects [4]. BPA also
has negative effects on embryonic development [5], resulting
in abortion, precocity, and preeclampsia [6, 7]. BPA is an
important basic organic raw material. It is widely used for
producing polycarbonate plastics [8, 9], epoxy resins such as
baby bottles, plastic containers for food and water, and lacquer
coatings on food cans [10]. Even though BPA is hydrophobic,
it still readily migrates into the environment in various ways.
These include the high-temperature processing of BPA con-
tainers and contact with widely used liposoluble components
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[11]. The presence of BPA in aquatic environments has been
reported [12]. Even low levels of BPA in aquatic ecosystems
can adversely affect aquatic life [13]. It is therefore important
to establish an effective and high-throughput method for de-
tecting BPA in environmental samples.

BPA is frequently quantified by gas chromatography
coupled with mass spectrometry (GC/MS) [14–18], high-
performance liquid chromatography (HPLC) [19–21], and liq-
uid chromatography coupled with mass spectrometry (LC/MS
or LC/MS/MS) [16, 22–24]. These methods allow high sen-
sitivity and specificity but are labor intensive, expensive, and
time consuming because of their complex pretreatment steps.
For example, due to the low volatility of BPA, it does need
some derivatization step prior to chromatographic separation
and GC/MS detection [18]. Although the derivatization step is
not necessary in LC, some extraction steps, such as solid-
phase extraction (SPE) and liquid-liquid extraction (LLE),
have been applied for the detection of BPA [16]. These tech-
niques are also expensive and require skilled instrument oper-
ators so are unsuitable for analyzing large sample numbers.

In contrast, immunoassay methods are cost-effective and
easy to use, so these have been widely applied to detect BPA.
Enzyme-linked immunosorbent assay (ELISA) [25], fluores-
cence immunoassay (FI) [26], chemiluminescence enzyme-
linked immunosorbent assay (CL-ELISA) [27], and fluores-
cence polarization immunoassay (FPIA) [28] have been de-
veloped to detect BPA in environmental and food samples.
ELISA, FI, and CL-ELISA are heterogeneous methods.
They require immobilization of the solid phase, multiple
washing steps to remove non-specifically absorbed material,
and at least 3 h to achieve immunoreactions [29]. Thus, they
are still time consuming, and their precision can vary. While
homogeneous immunoassay requires no separation or wash-
ing steps, so it is only limited by the immunoreaction time.
This makes homogeneous immunoassay practical for the rap-
id analysis of food and environmental samples. For example, a
FPIA homogeneous immunoassay has been reported for the
determination of BPA [28], but its sensitivity was limited, and
its single tube design restricted rapid detection and high-
throughput. There is much demand for a better homogenous
immunoassay for the rapid, sensitive, and high-throughput
analysis of BPA in environmental samples.

Chemiluminescence (CL) has become very popular as an
analytical technique in recent years, as they offer significant
gains in sensitivity without interference from background light
and rapidity at a low cost, both in instrumentation and mate-
rials [30–33]. While, to the best of our knowledge, there was
no report about chemiluminescence homogenous immunoas-
say for the detection of BPA, in this study, we developed a
singlet oxygen channeling chemiluminescence homogenous
immunoassay for the quantitative determination of BPA in
environmental water samples. The immunoassay is based on
the formation of nanoparticle pairs and luminescence oxygen

channeling immunoassay technology [34, 35]. It involves a
384-well-based mix-and-read chemiluminescence assay with-
out requiring washing steps and can analyze 384 samples
within 130 min. Due to the narrowwavelength scope and high
quantum yields of emission, the chemiluminescence signal
can be sensitively detected. After optimizing the donor–accep-
tor nanoparticles, biotin-BPA concentration, incubation time,
and buffer solutions, the immunoassay was used to detect
BPA in environmental samples. These results were validated
by simultaneous HPLC detection. The results indicated that
the method was rapid, sensitive, and effective for the high-
throughput detection of BPA and was suitable for the large-
scale analysis of environmental samples.

Materials and methods

Apparatus and reagents

BPA, biotinylated BPA (biotin-BPA, 12.5mg/mL), andmouse
anti-BPAmonoclonal antibodies (5.3mg/mL) were purchased
from Wuxi JieshengJiekang Bio-Tech Co., Ltd. (Wuxi,
People’s Republic of China). Acceptor nanoparticles (5 mg/
mL, 200 nm) coated with a second antibody (rabbit anti-
mouse IgG), donor nanoparticles (5 mg/mL, 200 nm) coated
with streptavidin, and low cross-talk 384-well Optiplates were
purchased from PerkinElmer (Waltham, MA, USA).
Diphenolic acid (BVA), hydroquinone, phenol, and benzene
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Methanol, acetonitrile, HEPES, casein, Dextran-500, Triton
X-100, and Proclin-300 were from PerkinElmer (Waltham,
MA, USA). All chemicals, unless otherwise stated, were of
analytical reagent grade and were used without further treat-
ment. Water used in all procedures was Milli-Q grade.

CL measurements were performed at room temperature
using an EnVision reader (PerkinElmer, USA) equipped with
a 680-nm excitation source and 570-nm emission filter. The
flash/time ratio was 0.55, measurement height was 1 mm,
excitation time was 0.18 s, and emission time was 0.37 s.
HPLC analysis was performed using an LC1260 instrument
(Agilent, USA).

Buffers and calibrators

The assay buffer was 25 mM HEPES, pH 7.4, containing
0.1 % casein (w/v), 1 mg/mL Dextran-500, 0.5 % Triton X-
100 (w/v), and 0.05 % Proclin-300 (w/v). The anti-BPA anti-
body and biotin-BPA antigen dilution buffer was 25 mM as-
say buffer containing 0.9 % (w/v) NaCl, pH 7.4.

A 0.1-mg/mL BPA stock solution was prepared in 10 %
methanol solution and stored at −20 °C. For calibration, dilu-
tions of the stored solution were prepared in assay buffer for 0,
10, 30, 100, 300, and 1000 ng/mL concentrations, designated
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as S0, S1, S2, S3, S4, S5, and S6, respectively. These solutions
were stored at 4 °C.

Immunoassay procedure

The mixture of 5 μL of biotin-BPA and 5 μL of BPA standard
or water sample was added into the wells of the 384-microtiter
well plate. Ten microliters of mouse anti-BPA antibody and
10 μL of acceptor nanoparticles coated with a second anti-
body were then added. The plates were agitated, sealed, and
allowed to stand at room temperature (23 ± 0.5 °C) for
100 min. This ensured sufficient mixing and completion of
the competitive reaction of biotin-BPA and BPA standard with
mouse anti-BPA antibodies, which can also be captured by the
second antibody-bound acceptor nanoparticles. Twenty mi-
croliters of streptavidin-coated donor nanoparticles were then
added, and the mixture was incubated at room temperature (in
the dark) for another 30 min. Through the specific interaction
of biotin-streptavidin, nanoparticle pairs were formed with
nanoparticles within 200 nm of each other. The CL signal
was measured with an EnVision reader, with an excitation
wavelength of 680 nm and detection wavelength of 618 nm.

Data treatment

Standards and samples were run in double wells, and mean
CL intensity values were processed. Standard curves and
paired t test were obtained by plotting CL intensity against
the logarithm of analyte concentration, using GraphPad
Prism software. The reproducibility was evaluated by analyz-
ing six wells within a plate, using three different concentration
samples. These samples were also analyzed on three different
days using the same protocol, to determine the inter-assay
precision.

Cross-reactivity assessment and method validation using
HPLC

Some structural analogs of BPA were studied for cross-reac-
tivity, to assess the specificity of the antibody and the pro-
posed method. HPLC equipped with a C18 column was used
to analyze the BPA concentrations, using the following detec-
tion conditions: mobile phase was 0.01 mol/L mixture of am-
monium acetate solution and acetonitrile (V/V, 55:45), mobile
phase flow rate was 0.3 mL/min, column temperature was
30 °C, and detection wavelength was 278 nm.

Real water samples

River and tap water samples were collected from the Qinghe
River (Beijing, People’s Republic of China) and our laborato-
ry, respectively. The samples were centrifuged and filtered
through a 0.22-μm GF/C glass microfiltration membrane.

BPA was then injected into these water samples in different
concentrations. These samples were analyzed using the immu-
noassay, and the results were compared with those from
HPLC detection.

Results and discussion

According to the principles of singlet oxygen channeling ho-
mogeneous chemiluminescence immunoassay, various assay
component concentrations (nanoparticles, immunoreaction re-
agents) and reaction conditions were studied to (1) optimize
the immunoassay sensitivity and (2) study immunoassay per-
formance under optimum conditions. Experiments were car-
ried out using the method described above. Varying CL inten-
sities and BPA concentrations causing 50 % inhibition (IC50)
of the standard curves were evaluated under different
conditions.

Singlet oxygen channeling homogenous
chemiluminescence immunoassay for BPA measurement

The principles of the proposed immunoassay are shown in
Fig. 1. It involves two types of polystyrene nanoparticles:
donor nanoparticles modified with phthalocyanine as a pho-
tosensitizer and acceptor nanoparticles coated with thioxene
derivatives and Eu(III) dopant as a chemiluminescer. These
nanoparticles were both coated with a hydrogel that provides

Fig. 1 Principle of the singlet oxygen channeling homogenous
chemiluminescence immunoassay based on nanoparticle pairs. (A) The
Bbefore adding BPA^ stage. (B) The Bafter adding BPA^ stage
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reactive aldehyde groups for conjugating biomolecules to the
bead surface. Under irradiation at 680 nm, O2 near the surface
of the photosensitizer transforms to singlet oxygen (1O2)
which has been proven by [34]. 1O2 has a short life span of

4 μs, resulting in an effective migration distance of 200 nm
[34, 35]. The two nanoparticles approach each other through
the specific reaction of the antigen-antibody and biotin-
streptavidin. The resulting donor–acceptor nanoparticle pairs

Fig. 2 (A) Titration curves of biotin-BPA and anti-BPA antibody
prepared in assay buffer. Biotin-BPA concentrations (1.25, 12.5, 125,
and 1250 ng/mL, 12.5, and 125 μg/mL) and anti-BPA antibody
concentrations (530, 53, 5.3, and 0.53 ng/mL) were examined. (B)
Competitive curves generated using 1250 ng/mL biotin-BPA and
different concentrations of anti-BPA antibody. Competitive curves were

prepared with double-well replicates. (C) Competitive curves generated
using 125 ng/mL biotin-BPA and different concentrations of anti-BPA
antibody. (D) Competitive curves generated using 5.3 ng/mL anti-BPA
antibody and 125 or 1250 ng/mL biotin-BPA, 150 μg/mL donor
nanoparticles, and 200 μg/mL acceptor nanoparticles. Incubation times
for the two-step assay were 120 and 30 min, respectively

Fig. 3 Effect of (A) donor and
(B) acceptor nanoparticles on the
CL intensity for the singlet
oxygen channeling
chemiluminescence
homogeneous immunoassay of
BPA. (C) Effect of incubation
time on the competition
immunoassay of BPA. The
analyte, biotin-BPA, and anti-
BPA antibody and acceptor
nanoparticles were incubated for
50–120 min. The results were
extracted from the semi-log
equation used to fit the standard
curves. Standard curves were
prepared using double-well
replicates
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contain the two nanoparticle types within 200 nm of each
other [36, 37]. 1O2 then transfers to the acceptor beads and
reacts with the CL emitter, generating emission at 618 nm.

Titration assessment of anti-BPA antibody
and biotin-BPA

The concentrations of anti-BPA antibody and biotin-BPA are
important parameters for the immunoassay sensitivity. Biotin-
BPA was progressively diluted from 125 μg/mL to 1.25 ng/
mL, and anti-BPA antibody was diluted to 530, 53, 5.3, and
0.53 ng/mL in assay buffers. These dilutions were used to
obtain the titration curves shown in Fig. 2a. Similarly to re-
ported competitive immunoassays [37], the Bhook^ effect was
observed with increasing biotin-BPA concentration. When the
concentration of biotin-BPA was 12.5 μg/mL, the CL signal
reached a maximum at a different concentration of anti-BPA
antibody. This indicated that the nanoparticle binding capacity
became saturated at the hook point. The 1250- and 125-ng/mL
biotin-BPA concentrations occurring near the sub-hook con-
centration were used for subsequent experiments.

In general, less antibody results in higher sensitivity for a
competitive reaction. In total, 0.53, 5.3, 53, and 530 ng/mL

anti-BPA antibody concentrations were determined, using the
standard curves in the concentration range 10–1000 ng/mL.
The results (Fig. 2b, c) showed that for 1250 or 125 ng/mL
biotin-BPA concentration, the highest sensitivity was obtained
at an anti-BPA antibody titration concentration of 5.3 ng/mL.
This was probably due to excess capture antibody, resulting in
superposition and denaturalization of the intra-protein.
Insufficient capture antibody would be expected to adversely
affect CL intensity and sensitivity. The 1250- and 125-ng/mL
biotin-BPA conjugate concentrations were evaluated using
5.3 ng/mL anti-BPA antibody. The resulting competition
curves were as shown in Fig. 2d. The assay using 125 ng/
mL biotinylated tracer provided higher sensitivity than that
with a concentration of 1250 ng/mL. Therefore, titration levels
of 5.3 ng/mL for anti-BPA antibody and 125 ng/mL for biotin-
BPAwere used in subsequent experiments.

Optimization of donor and acceptor nanoparticles

The properties of the donor and acceptor nanoparticles mainly
affect the sensitivity and linear range of the immunoassay, and
they have nothing to do with other properties such as cross-
reactivity which are related to the specificity of the used anti-
body. Excess of either nanoparticle type increases the back-
ground signal, which decreases the linear range. Too little of
either decreases the CL signal, which decreases the assay sen-
sitivity. The concentrations of donor and acceptor nanoparti-
cles must be optimized to obtain the best CL signal and to
avoid wasting materials. Five different concentrations of do-
nor nanoparticles coated with streptavidin (60, 100, 150, 200,
and 300 μg/mL) were investigated. The results (Fig. 3a)
showed that CL intensity increased with increasing donor
nanoparticle concentration in the range 60–150 μg/mL.
Concentrations higher than 150 μg/mL resulted in a slow
decrease in CL intensity with increasing donor nanoparticle
concentration. This was probably because the phthalocyanine
modified the surface of donor nanoparticles had a weak

Fig. 4 Calibration curve of the singlet oxygen channeling homogenous
chemiluminescence immunoassay for detecting BPA in environmental
water samples

Table 1 Comparison of the analytical performance of proposed method with others

Method Type LOD (ng/mL) Linear range or IC50 (ng/mL) Analysis times/each sample (min) Reference

FI-CL Non-immune 70.68 182.4∼2736 – [39]

CL-AuCl4
─-HCO4

─ Non-immune 18.24 68.4∼18,240 – [40]

CLEIA Heterogeneous 8.0 10∼740 3.75 [41]

Cd-doped-ZnO QDs FLISA Heterogeneous 13.1 20.8∼330.3 3.125 [42]

FPIA Homogeneous 5.6 11.32∼904.21 10.2 [28]

CL-luminol-KMnO4 Non-immune 0.0228 0.228–2280 – [43]

CL-ELISA Heterogeneous 0.02 0.2 0.625 [27]

The proposed method Homogeneous 2.9 10∼1000 0.338

FI-CL flow injection chemiluminescence method, CLEIA chemiluminescence enzyme immunoassay, Cd-doped-ZnO QDs FLISA Cd-doped ZnO
quantum dot-based fluorescence-linked immunoassay, FPIA fluorescence polarization immunoassay, CL-ELISA chemiluminescence enzyme-linked
immunosorbent assay
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absorption at 618 nm of which CL emission generated. When
the donor nanoparticles were insufficient, the emitted light
absorbed by donor was far below than that of generating due
to the formation of nanoparticle pairs. Thus, the CL intensity
increased with the increasing of donor nanoparticles. While,
the concentrations greater than 150 ng/mL, the formation of
nanoparticle pairs reached the equilibrium status and the re-
dundant donor nanoparticles would absorb the emitted light
which leads to the CL signal a lower trend, for the acceptor
nanoparticles shown in Fig. 3b, the CL signal intensity in-
creased with increasing nanoparticle concentration in the
range 60–200 μg/mL. The CL signal intensity reached a pla-
teau at 200 μg/mL. Thus, when the acceptor concentration
was 200 μg/mL, the formation of nanoparticle pairs was in
equilibrium. One hundred and fifty and 200 μg/mL concen-
trations of donor and acceptor nanoparticles were used in sub-
sequent experiments, respectively.

Optimization of incubation time

The time available for immunoreagents to interact in a com-
petitive ELISA reportedly affects the assay sensitivity [38].
Thus, we varied the length of the competitive step from 50
to 120 min, to assess the effect of incubation time on assay
performance (IC50, CLmax intensity, and CLmax/IC50). As
shown in Fig. 3c, the CL intensity increased with longer incu-
bation time in the range 50–100 min. After 100 min, the CL
showed little further change, indicating the immunoassay be-
tween the antibody and antigen had reached equilibrium.
Under these conditions, a very small difference was observed
in the IC50 values. The variation in CLmax/IC50 ratio as a
function of incubation time showed that a higher CLmax/IC50

was obtained after 100 min, so all subsequent experiments
were carried out using this incubation time. The reaction time
between the streptavidin-coated donor nanoparticles and
biotin-BPA was set as 30 min, according to previous reports
[36, 37].

Optimization of buffer solutions

To develop a highly effective homogeneous chemilumines-
cence immunoassay method for the detection of BPA, buffer
components and pH should be investigated. In this study,

HEPES buffers including Dextran-500, Casein, Triton X-
100, and Proclin-300were used. In which HEPES can provide
stable surroundings for antibody–antigen-specific interaction,
the presence of Dextran-500 was in order to prevent nonspe-
cific bead aggregation, the Casein as a kind of protein blocker
would reduce the antibody-nonspecific reaction, the surfactant
Triton X-100 can enhance the solubility of immunoreagent
and reduce the nonspecific adsorption, and the Proclin-300
as a kind of antiseptic can maintain the activity of antibody.
Their effect of concentration of different components on assay
performance (IC50, CL intensity, and CLmax/IC50) was sys-
tematically studied and the results were shown in Fig S1–S5
(see Electronic SupplementaryMaterial, ESM). According the
variation of CL intensity and CLmax/IC50, considering the less
reagents comprehensively, all subsequent experiments were
carried out using 25 mM HEPES, 0.1 % Casein (w/v), 1 mg/
mL Dextran-500, 0.5 % Triton X-100 (w/v), and 0.05 %
Proclin-300 (w/v).

In additional, antigen–antibody binding was characterized
by the weak intermolecular bonds, and pH value can affect the
interaction. Figure S6 (see ESM) showed the effects of pH on
the assay performance (IC50, CLmax, and CLmax/IC50) in the
proposed methods for BPA. Both CL intensity and CLmax/
IC50 reached the maximum in the pH 7.4. This behavior can
be explained according to the isoelectric points (pI) of the
antibody. In this experiment, pH 7.4 was chosen as the opti-
mum condition.

Assay sensitivity and linear range

Under optimum conditions, dose–response curves were ob-
tained with 5 μL of BPA standard, and the CL of nanoparticles

Table 2 Intra- and inter-assay
precision for detecting BPA using
the proposed immunoassay

Number Mean (ng/mL) Range (ng/mL) SD C.V. (%)

Intra-assay (n = 6) 1 47.3 46.0–50.5 2.2 4.6

2 102.7 95.6–108.1 5.3 5.1

3 508.3 491.4–525.0 13.9 2.7

Inter-assay (n= 12, detection of 3 days) 1 49.4 46.0–52.4 1.0 2.0

2 104.5 95.4–114.4 3.0 2.9

3 506.4 477.4–523.9 9.0 1.8

Table 3 Reliability of singlet oxygen channeling homogenous
chemiluminescence immunoassay for BPA detection

Dilution ratio

Neat 1:2 1:4 1:8

Expected concentration (ng/mL) 800.0 400.0 200.0 100.0

Observed concentration (ng/mL) 800.0 411.1 198.2 111.7

Recovery (%) 100.0 102.8 99.1 111.7
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pairs was detected, as shown in Fig. 4. The linear range was
10–1000 ng/mL, with an equation of Y=–13,450logx−75,
000 and correlation coefficient of r=0.9896. The limit of de-
tection (LOD), defined as the minimum dose distinguishable
from 0 or the minimum detected concentration (mean−3SD
of zero standard, eight replicates), of BPA was 2.9 ng/mL.
Compared with the reported CL analytical methods or FL
homogenous immunoassay (Table 1), the proposed method
showed the relatively higher sensitivity than the others except
the report of [27, 43]. Moreover, it also showed the highest
rapidity and can achieve the high-throughput screening
detection.

Assay precision (intra- and inter-assay variation)

The assay precision was evaluated using spiked double-
distilled water with different concentrations of BPA in the
detection range, as shown in Table 2. To determine the intra-
assay variation, three spiked samples were assayed in six rep-
licates. The coefficients of variation (CV) varied from 2.7 to
5.1 %, indicating very good intra-assay reproducibility. The
inter-assay precision was determined from three independent
experiments performed on different days. CV values below
10 % were obtained for samples, which indicated very good
inter-assay reproducibility.

Assay accuracy

Recovery was used to evaluate the reliability of the BPA de-
tection method. One- to eightfold dilutions of spiked BPA
water samples with an expected concentration of 800 ng/mL
were prepared using the assay buffer. The respective concen-
trations were detected using the immunoassay, and the results

are shown in Table 3. All recoveries were within the range
99.05–111.7 %.

Cross-reactivity

The specificity of the immunoreaction is an important factor in
an immunological analysis. The specificity of the immunoas-
say depends on the antibody’s specificity, but the immunoas-
say format can affect the specificity of the reaction. The cross-
reactivity of BPAwas evaluated using analogs of bisphenol A
with similar structures. These included diphenolic acid, hydro-
quinone, phenol benzene, and 4,4-bis(4-hydroxyphenol)

Table 4 Cross-reactivity with compounds related to BPA

Compound Structure Cross-reactivity (%)

Bisphenol A
OHOH

100 

BVA 

OHOH

OH

O

122.6 

Resorcinol 
OH OH

<0.01 

Phenol 
OH

<0.01 

Benzene <0.01 

Table 5 Recoveries of BPA from spiked environmental water samples

Sample Spiked
amount
(ng/mL)

Determined
amount
(ng/mL, n = 3)

Recovery
(%)

CV
(%)

Tap water 0 None

50 50.9 101.9 15.5

100 108.5 108.5 7.2

200 203.0 101.5 12.5

400 474.1 118.5 1.8

600 678.1 113.0 6.3

1000 990.4 99.0 11.2

River
water

0 None

50 60.5 121.0 2.3

100 108.5 108.5 11.6

200 224.0 112.0 7.6

400 478.1 119.5 7.7

600 717.2 119.5 1.8

1000 954.7 95.5 4.7
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valeric acid (BVA). The BPA concentration causing 50 % in-
hibition was used to calculate the cross-reactivity (%), accord-
ing to the equation:

Cross‐reactivity %ð Þ ¼ ICso BPA

ICso BPA analogs
� 100 %

Table 4 showed the cross-reactivity of the anti-BPA anti-
body. The antibody exhibited 122.6 % cross-reactivity with
BVA. This was due to BVA and BPA both having structures
with double phenolic rings connected via a carbon atom,
which acts as an antigenic determinant [42]. Cross-
reactivities with other related compounds were all less than
1 %. Therefore, the anti-BPA antibody was generally specific
to BPA, and other structurally related compounds were not
recognized.

Analysis of environmental water samples

The applicability of the assay for ecological monitoring was
investigated in experiments with environmental samples, and
the results were compared with those from HPLC detection.
Some articles report difficulties in analyzing complex envi-
ronmental matrices by ELISA. Oubina et al. reported that
adding a buffer solution to samples reduced the matrix effects

[44]. Therefore, tap and river water samples were buffered
using the assay buffer for the CL immunoassay.

Tap and river water were collected from water sources in
our laboratory and the Qinghe River, respectively. Samples
were spiked with BPA and analyzed using the singlet oxygen
channeling homogenous chemiluminescence immunoassay.
Recoveries of water samples spiked at 0, 50, 100, 200, 400,
600, and 1000 ng/mL were examined in triplicate, using dis-
tilled water as a control. The recoveries of spiked water and
river water are shown in Table 5. They were in the range 95.5–
121.0 %, indicating that the method can determine BPA in
environmental water samples.

The spiked BPA concentrations in the samples were simul-
taneously determined by HPLC. Results from the two
methods correlated well, as shown in Fig. 5. And the paired
t test P value of two methods at all standard addition concen-
trations in tap and river water were shown in Table 6 and
Figs. S7–S8 (see ESM). From the results, we can see all the
P values were greater than 0.05, which indicated the detection
results of both methods have no obvious difference.

Conclusions

A high-throughput CL homogeneous immunoassay was de-
veloped and optimized for quantitatively determining BPA in
water samples. The assay is based on the formation of nano-
particle pairs and the transfer of singlet oxygen. This two-step
assay has high precision and a broad dynamic range, is simple,
rapid, and reliable, allows high-throughput, and has low re-
agent consumption. The assay can also be easily automated. It
allows the routine analysis of BPA in water samples without
complex pretreatment and can potentially be applied in other
matrices such as biological fluids and plastics.
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