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n of bisphenol A in drinking water
and river water using an upconversion
nanoparticles-based fluorescence immunoassay in
combination with magnetic separation†

Wei Sheng, *a Wenxia Duan,a Yingjie Shi,a Qing Chang,a Yan Zhang,a Yang Lua

and Shuo Wang*ab

We have proposed a sensitive fluorescence immunoassay for detecting bisphenol A (BPA) in barreled

drinking water, bottled mineral water, and river water using the anti-BPA antibody conjugated carboxyl-

functionalized NaYF4:Yb/Tm upconversion nanoparticles (UCNPs) (emission maximum at 454 nm with

excitation at 980 nm) as the signal probe and the coating antigen conjugated carboxyl-functionalized

magnetic polystyrene microspheres (MPMs) as the capture probe. The proposed assay has a linear

detection range of 0.1 to 500 mg L�1 (R2 ¼ 0.9954). The water samples without any pretreatment can be

directly analyzed. The limit of detection (LOD) of BPA in the water samples is 0.02 mg L�1. The recoveries

of BPA from spiked water samples for the proposed assay range from 85.35% to 108.35%. Low

concentrations of BPA have been detected in the real barreled drinking water and river water samples,

and the results are validated by high-performance liquid chromatography (HPLC) to be reliable,

reflecting the good practicability of the proposed assay. The proposed fluorescence immunoassay can

serve as a useful detection approach for the simple, rapid, sensitive, and accurate determination of BPA

in drinking and environmental water.
1. Introduction

Bisphenol A (BPA) is an important monomer component in
producing epoxy resins, polycarbonate plastics, and ame
retardants.1,2 However, BPA is a recognized endocrine dis-
ruptor.3,4 It can enter organisms via the food chain, thus inter-
acting with estrogen receptors to affect the physiological
functions of organisms.5 The discharge of the wastewater con-
taining BPA into the environment and the release and transfer
of BPA from packing materials to drinking water or food can
cause BPA contamination.6 Therefore, it is necessary to develop
a useful detection approach for monitoring BPA in consider-
ation of its potential hazard to human health and the ecological
environment.

A variety of methods have been established for detecting
BPA, including high-performance liquid chromatography7
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coupled with mass spectrometry,8 gas chromatography–mass
spectrometry,9 surface-enhanced Raman spectroscopy,10 capil-
lary electrophoresis,11 and electrochemical sensing.12 Compared
with these analytical methods, the immunoassay has some
advantages, mainly containing high sensitivity and selectivity
for target recognition, short detection time, fast signal output,
and good anti-interference ability for the matrix. Their main
methods are the enzyme-linked immunosorbent assay
(ELISA),13,14 immunochromatographic assay,15,16 electro-
chemical immunosensing,17 surface plasmon resonance bio-
sensing,18 surface-enhanced Raman spectroscopy (SERS) based
immunoassay,19 chemiluminescence immunoassay20 and uo-
rescence immunoassay,21–24 which have been successfully used
for detecting BPA in water and food samples.

The immunoassay based on uorescence nanomaterials has
attracted great attention with researchers. Conventional down-
conversion uorescence materials, such as organic dyes25 and
quantum dots,24 are commonly used in biological analysis and
other diverse applications based on their unique optical prop-
erties. However, they also have several minor defects. The
luminescence process is a conversion of high-frequency exci-
tation light to low-frequency emission light, whichmeans that it
radiates less energy than it absorbs. The use of higher-energy
light may cause signicant disadvantages including low light
penetration depth, potential light damage to living tissue,26 and
Anal. Methods, 2018, 10, 5313–5320 | 5313
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unstable optical and chemical features.27 To solve these prob-
lems, upconversion nanoparticles (UCNPs) adulterating
lanthanide have been applied as a biological luminescent label.
The upconversion nanomaterial has successfully attracted
attention due to its superior optical performances compared to
the abovementioned downconversion material, such as large
anti-Stokes shi, high resistance to photobleaching, strong
light penetration of biological tissue, very good biocompatibility
and excellent chemical stability, and low toxicity.28–30 A few
studies applying UCNPs as uorescence labels for detecting
bacteria, mycotoxins, protein, and antibiotics have been re-
ported recently.29–32 In our study, we have proposed a sensitive
uorescence immunoassay for detecting BPA in drinking and
river water using UCNPs as uorescence labels to prepare the
signal probe and the magnetic polystyrene microspheres
(MPMs) as separation component to prepare the capture probe.
2. Materials and methods
2.1. Chemicals and materials

Bisphenol A (BPA), 4,4-bis(4-hydroxyphenyl)valeric acid
(BHPVA) (the structures of BPA and BHPVA are shown in ESI
Fig. S1†), C6H9O6Yb$4H2O, C6H9Tm$4H2O, Y(OOCCH3)3$4H2O,
polyacrylic acid (PAA), diethylene glycol (DEG), bovine serum
albumin (BSA), ovalbumin (OVA), 1-ethyl-3-[3-(dimethylamino)
propyl]carbodiimide (EDC), N-hydroxysuccinimide (NHS), and
dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich
Co. Ltd. (St. Louis, MO, USA). Sodium hydroxide, ammonium
uoride, 1-octadecene (ODE, 90%), and oleic acid (OA, 90%)
were purchased from Sinopharm Chemical Reagent Co. Ltd.
(Tianjin, China). The anti-BPA polyclonal antibody using
BHPVA-keyhole limpet hemocyanin conjugate as an immu-
nogen was produced in our laboratory. The BCA protein quan-
tication kit was purchased from Solarbio Science and
Technology Co., Ltd. (Beijing, China). The carboxyl-functional
magnetic polystyrene microspheres (MPMs) were obtained
from Jiayuan Quantum Dots Co., Ltd. (Wuhan, China).
2.2. Synthesis and surface modication of UCNPs

NaYF4:Yb, Tm UCNPs were synthesized by the previous
method.33 A mixture of 264 mg YAc3, 76 mg YbAc3 and 8.36 mg
TmAc3 was dissolved in a 100 mL ask containing 17 mL 1-
octadecene and 6 mL oleic acid (OA), and the solution was
mixed evenly under stirring. The mixture was heated to 100 �C
within 10 min in a degassed state, and then it was heated to
160 �C and placed under argon for 30 min followed by natural
cooling to room temperature. Then, 10mL ofmethanol solution
with ammonium uoride (148 mg) and sodium hydroxide (100
mg) was added slowly to the above solution followed by stirring
for 30 min. To remove excess methanol reagent, the solution
was heated to 80 �C for 50 min. Subsequently, the solution was
continuously heated to 100 �C for 10 min under vacuum.
Finally, the reaction system was directly heated to 300 �C and
kept for 1 h in argon and then slowly cooled to room temper-
ature. Thirty milliliters of ethanol was added to the mixture by
ultrasonic treatment for several minutes, and the white
5314 | Anal. Methods, 2018, 10, 5313–5320
precipitate was collected via centrifugation for 10 min (10 621
rcf, 25 �C). The above operation was repeated four times, and
the nal oil-soluble OA capped UCNPs (OA-UCNPs) obtained
were dried in the drying oven at 37 �C and stored in a dryer for
future use.

The ligand exchange method was used to modify the surface
of the oil-soluble OA-UCNPs via the introduction of carboxylic
acid groups for increasing the hydrophilicity of the material.
The oil-soluble OA-UCNPs were modied into the water-soluble
polyacrylic acid (PAA) capped UCNPs (PAA-UCNPs). First, 0.5 g
of PAA and 10 mL of diethylene glycol were taken in a 100 mL
ask followed by heating to 110 �C under stirring for 1 h in
argon. Subsequently, 30 mg of OA-UCNPs were dispersed in
2 mL of toluene solution by ultrasonic treatment for 5 min and
were quickly added into the above mixture in a ask kept at
110 �C for another 1 h by stirring vigorously to evaporate the
toluene. Finally, the solution was directly heated to 240 �C,
stirred for 1 h, and cooled to room temperature. Twenty milli-
liters of deionized water was added into the mixture by ultra-
sonic treatment for 5 min, and the precipitate was obtained via
centrifugation for 10 min (10 621 rcf, 25 �C) to remove the
excess PAA and other reagents. The operation was repeated
three times and the water-soluble PAA-UCNPs were nally ob-
tained by drying at 37 �C and storing in a dryer for future use.
2.3. Preparation of signal probe and capture probe

The uorescence signal probe was prepared via an active ester
method.33 First, 5 mg of the PAA-UCNPs and 2 mL of 2-(n-
morpholino)ethanesulfonic acid buffer (MES, 10 mmol L�1, pH
5.5) were mixed in a 10 mL round-bottom ask, and the mixture
underwent sonication treatment for 10 min to accelerate the
dispersion of PAA-UCNPs. Then, 10 mg of EDC and 5mg of NHS
were added into the above solution and reacted in the bath at
30 �C for 2 h with stirring to activate the carboxylic groups on
the surfaces of the PAA-UCNPs. The resultant solution was
centrifuged for 10 min (1699 rcf, 4 �C), and the precipitate was
washed three times with ultra-pure water. Subsequently, the
precipitate was dispersed in 2 mL of n-(2-hydroxyethyl)pipera-
zine-n-ethanesul-fonic acid buffer (HEPES, 10 mmol L�1, pH
7.2) with 40 mg of BPA antibody. The mixture was incubated for
12 h at 4 �C followed by the addition of BSA (15 mg) and
continued the incubation for 1 h at room temperature to
prevent the occurrence of non-specic reactions. Then, the
white precipitate was collected by centrifugation followed by
washing three times using the HEPES buffer. Finally, 1 mL of
HEPES buffer was used to disperse the resultant precipitate and
the signal probe was obtained.

The coating antigen (BHPVA-OVA) was prepared according to
our previous study.16 The active ester method was applied in the
conjugation of carboxyl-functional magnetic polystyrene
microspheres (MPMs) with BHPVA-OVA. Five milligrams of
MPMs were added into 1 mL of PBS (0.01 mol L�1, pH 7.4)
containing 10 mg of EDC and 5 mg of NHS, and the mixture was
shaken (240 rpm) for 2 h on a shaking table. Aer magnetic
separation by washing three times with PBS, the precipitate was
dispersed in 1 mL of PBS followed by the addition of BHPVA-
This journal is © The Royal Society of Chemistry 2018
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OVA (50 mg). The resultant mixture was stirred slowly at room
temperature for 4 h. The coating antigen with magnetic poly-
styrene microsphere conjugate (BHPVA-OVA-MPM) was then
treated by adding 15 mg of BSA to prevent the occurrence of
non-specic reactions. Aerward, the conjugated complex was
collected by magnetic separation followed by washing ve times
using PBS. Finally, 5 mL of PBS was used to disperse the
resultant complex, and the capture probe was obtained.
2.4. Immunoassay procedure

The test principle of the uorescence immunoassay is shown in
Fig. 1. The capture probe and signal probe were added to the
sample solution. When BPA was not present in the sample, all
the capture probes coupled with the signal probes and the
complexes of the capture probes and signal probes obtained by
magnetic separation caused the strongest uorescence signal
with excitation at 980 nm.When BPA was present in the sample,
the BPA competed with BHPVA-OVA on the surface of the
capture probe to couple the anti-BPA antibody on the surface of
the signal probe. The amount of complexes of the capture
probes and signal probes obtained by magnetic separation
decreased with the increasing content of BPA in the sample.
This resulted in the uorescent signal to gradually decrease.
There was a correlation between the BPA concentration and the
Fig. 1 Schematic illustration of the fluorescence immunoassay.

This journal is © The Royal Society of Chemistry 2018
uorescence signal, and it can be applied to obtain the
concentration of BPA in the sample.

The assay test was achieved as follows. First, 100 mL of the
BPA standard solution or sample solution and 100 mL of the
capture probe were added to a 2 mL centrifuge tube, and 100 mL
of the signal probe was subsequently added. The mixture was
incubated for 50 min at room temperature on the shaking table.
The precipitate was separated by an external magnet and
underwent washing three times with PBS. The resulting
precipitate was redispersed in 400 mL of PBS, and the uores-
cence intensity at 454 nm was measured using a uorescence
spectrometer equipped with an external 980 nm excitation
source with a scan speed of 1500 nm min�1.
2.5. Sample preparation

The barreled drinking water samples were collected from the
civilian water-supply station. The bottled mineral water
samples were purchased from local supermarkets. The river
water samples were collected from the local river. For the
proposed method, the water samples needed no further
treatment to be analyzed. For the recovery study, the samples
were spiked with BPA at 0.1, 1, 10, and 100 mg L�1 and analyzed
simultaneously by the proposed method and HPLC to estimate
the accuracy of the proposed method. For HPLC analysis,
Anal. Methods, 2018, 10, 5313–5320 | 5315
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10 mL of water samples and 10 mL of dichloromethane were
mixed and vortexed vigorously for 5 min. The organic phase
below the aqueous phase was collected and dried with
a stream of nitrogen at 37 �C. The residue was redissolved in
250 mL of methanol and the mixture was vortexed on a vortexer
for 5 min and passed through a 0.22 mm lter to be analyzed by
HPLC, which was carried out according to our previous
study.16

3. Results and discussion
3.1. UCNPs characterization

As shown in Fig. 2a and b, the TEM images show that the
synthesized UCNPs are spherical, and they have uniform
diameters (about 35 nm and 40 nm) and a smooth surface. It
should be noted that the synthesis of the spherical UCNPs
materials required stringent control of the reaction temperature
and time. The uorescence emission spectra of the synthesized
UCNPs are shown in Fig. 2c. These UCNPs showed strong
uorescence intensity and a maximum emission peak at
454 nm with excitation at 980 nm. The results of FTIR analysis
in Fig. 2d indicated that a broad band appeared at around
3434 cm�1, which corresponded to the stretching vibration of
the hydroxyl group (–OH). A strong band at approximately
2872 cm�1 was assigned to the stretching vibration of the
methyl group (–CH3) that existed on the surface of the OA-
UCNPs. Aer ligand exchange with PAA, this feature was
replaced and a new characteristic peak at 1734 cm�1 appeared
in the spectrum of the PAA-UCNPs, reecting the successful
introduction of the carboxyl groups (–COOH) on the PAA-UCNPs
surface. Fig. 2e shows the XRD pattern of the OA-UCNPs and
Fig. 2 Characterization of the synthesized UCNPs. Transmission electron
fourier-transform infrared (FT-IR) spectra (d) and X-ray diffraction (XRD)

5316 | Anal. Methods, 2018, 10, 5313–5320
PAA-UCNPs. Compared to the standard XRD pattern of the b-
phase NaYF4 (JCPDS card 16-0334), the structures of the OA-
UCNPs and PAA-UCNPs were basically consistent with the
results of the standard.
3.2. Optimization of working parameters

To achieve the best test performance, the conjugation amounts
of the coating antigen with MPMs and of the anti-BPA antibody
with PAA-UCNPs were optimized. Various amounts of coating
antigen (30, 40, 50, 60, 70, and 80 mg) were respectively added
into 1 mL of the activated MPMs solution to prepare the capture
probe. By magnetic separation, the supernatant was collected to
detect the amount of unconjugated coating antigen using the
BCA protein quantitation kit. The amount of conjugated
coating antigen was calculated as the difference between the
total added amount of coating antigen and the amount of
unconjugated coating antigen. The conjugation rate�
conjugation rate ð%Þ ¼ mc

mt
� 100%

�
is expressed as

a percentage (%, w/w), wherein mt is the total added amount of
coating antigen and mc is the amount of conjugated coating
antigen. As shown in Fig. 3a, the amount of conjugated coating
antigen increased with the increase in the added amount of
coating antigen. The amount of conjugated coating antigen
reached saturation with the increase in the added amount when
the added amount of coating antigen was equal to or more than
50 mg. The conjugation rate (%) decreased with the increase in
the added amount of coating antigen. The best conjugate effi-
ciency with an 86% conjugation rate was achieved when the
added amount of coating antigen was 50 mg. Finally, 50 mg of the
microscope (TEM) images (a and b), fluorescence emission spectra (c),
patterns (e).

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Optimization of the working parameters. (a) Optimization of the amount of coating antigen conjugated with MPMs in capture probes. (b)
Optimization of the amount of antibody conjugated with PAA-UCNPs in signal probes. (c) Optimization of the added volume of the signal probe
in the test process with 100 mL of the capture probe. (d) Optimization of the incubation time of the signal probe, capture probe and sample
solution. Each data point is the mean of three replicates.
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added amount of coating antigen was used to prepare the
capture probe.

Similarly, to optimize the amount of antibody, varying
amounts of anti-BPA antibody (24, 32, 40, 48, 56, and 64 mg)
were respectively added into 2 mL of the activated PAA-UCNPs
solution to prepare the signal probe. The supernatant was
collected by centrifugation to detect the amount of unconju-
gated antibody using the BCA protein quantitation kit. The
amount of conjugated antibody was calculated as the difference
between the total added amount of antibody and the amount of
unconjugated antibody. The conjugation rate�
conjugation rate ð%Þ ¼ mc

mt
� 100%

�
is expressed as

a percentage (%, w/w), wherein mt is the total added amount of
antibody and mc is the amount of conjugated antibody. As
shown in Fig. 3b, the amount of conjugated antibody increased
with the increase in the added amount of antibody. The amount
of conjugated antibody reached saturation with the increase in
the added amount when the added amount of antibody was
equal to or more than 40 mg. The conjugation rate (%) decreased
with increasing added amount of antibody. The best conjugate
efficiency, with a 77.7% of conjugation rate, was achieved when
the added amount of antibody was 40 mg. Finally, 40 mg of the
added amount of antibody was used to prepare the signal probe.

Subsequently, the added volume of the signal probe and the
incubation time were optimized to achieve the best assay
performance. Varying added volumes of the signal probe (40,
60, 80, 100, 120, and 140 mL) were applied during a test with an
incubation time of 60 min. The uorescence intensity increased
with the increase in the added volume of the signal probe, and
This journal is © The Royal Society of Chemistry 2018
the uorescence intensity was the strongest when the added
volume of the signal probe was equal to or more than 100 mL
(Fig. 3c). Finally, 100 mL of the signal probe was applied in this
assay to achieve optimal assay performance. The assay was
performed at varying incubation times (20, 30, 40, 50, 60, and 70
min). The uorescence intensity increased with the increase in
the incubation time, and the uorescence intensity was the
strongest when the incubation time was equal to or more than
50 min (Fig. 3d). Finally, an incubation time of 50 min was
applied in this assay to achieve the best assay performance.
3.3. Development of uorescence immunoassay

Under optimal conditions, a series of BPA standard solutions (0,
0.1, 0.5, 1, 5, 10, 50, 100, and 500 mg L�1) was detected by the
proposed assay to evaluate the sensitivity of the assay. There was
a correlation between the concentrations of BPA and the
decreased uorescence intensities (DI). The DI value was
calculated by the formula: DI ¼ I0 � I, wherein I0 is the
upconversion uorescence intensity in the absence of BPA and I
is the upconversion uorescence intensity in the presence of
BPA. When BPA was absent in the test system, the uorescence
intensity was maximized. The uorescence intensity decreased
with the increase in the BPA concentration. Fig. 4 shows the
standard curve of the proposed assay. The linear range was from
0.1 to 500 mg L�1 with a linear equation of y ¼ 204.73 ln(x) +
647.09 (R2 ¼ 0.9954). The LOD value was calculated by the
formula: LOD ¼ 3s/s, wherein s is the standard deviation of
blank signals (n ¼ 6) and s is the slope of the standard curve.34
Anal. Methods, 2018, 10, 5313–5320 | 5317
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Fig. 4 Standard curve of the fluorescence immunoassay for BPA in the
assay buffer. Inset: fluorescence intensity of the immune complexes in
the absence of BPA and in the presence of varying concentrations of
BPA. Each data point is the mean of three replicates.
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The LOD of the proposed method for the detection of BPA in the
assay buffer was 0.02 mg L�1.

3.4. Specicity of assay

To estimate the specicity of the proposed assay, the values of
the change in uorescence intensity in the absence and in the
presence of BPA or other analogues (500 mg L�1) were simulta-
neously detected by the proposed assay. As shown in Fig. 5,
compared with BPA, several analogues including bisphenol E,
bisphenol C, bisphenol S, bisphenol G, phenolphthalein, and
tetrabromobisphenol A caused very low uorescence intensity
changes, indicating that the proposed assay cannot recognize
those analogues and that they have no effect on the assay.
Both 4,4-dihydroxydiphenylmethane and 4,4-dihydrox-
ybenzophenone caused relatively low changes in uorescence
intensity, but these low changes were negligible and would not
affect the specic trace analysis of BPA.
Fig. 5 Specificity analysis of the fluorescence immunoassay. Each
data point is the mean of three replicates.

5318 | Anal. Methods, 2018, 10, 5313–5320
3.5. Sample analysis

The barreled water, bottled mineral water, and river water
samples were certied as negative BPA samples by HPLC and
were spiked with BPA at four levels (0.1, 1, 10, and 100 mg L�1).
To evaluate the assay accuracy, the proposed uorescence
immunoassay and HPLC were simultaneously applied to
analyze the spiked water samples. As shown in Table 1, the
recoveries of BPA ranged from 85.35% to 108.35% for the
proposed uorescence immunoassay and from 81.60% to
113.72% for HPLC. The proposed uorescence immunoassay
showed good accuracy for the detection of BPA with good
correlation (R2 ¼ 0.9906) between the results obtained by our
assay and HPLC. The indirect competitive enzyme-linked
immunosorbent assay (ELISA) using the anti-BPA polyclonal
antibody and coating antigen (BHPVA-OVA) has been devel-
oped. The half-maximum inhibition concentration (IC50) value
of BPA and the limit of detection (LOD, concentration calcu-
lated as IC15) of this ELISA are 45 mg L�1 and 1.9 mg L�1,
respectively, for BPA in phosphate-buffered saline (PBS). The
standard curve of this ELISA is shown in ESI Fig. S2.† A 2-fold
dilution with PBS for the water sample will allow minimal
interference of the matrix on the ELISA. The LOD of this ELISA
for the water sample is 3.8 mg L�1. In this study, the proposed
method was rapid, convenient, and sensitive, allowing for the
water samples to be analyzed directly via developed uores-
cence immunoassay without any pretreatment. The LOD of BPA
for the proposed method in the water samples is 0.02 mg L�1,
which is far lower than the LOD of the ELISA (3.8 mg L�1). When
the same anti-BPA polyclonal antibody and coating antigen
(BHPVA-OVA) are used to develop the ELISA and uorescence
immunoassay, the developed uorescence immunoassay shows
higher sensitivity.
3.6. Analysis and validation of bisphenol A in real water
samples

Ten barreled water samples, 10 bottled mineral water samples,
and 10 river water samples were collected, and the concentra-
tions of BPA were analyzed by the proposed method to investi-
gate the practicability of this method. Meanwhile, HPLC was
applied to analyze the concentrations of BPA in these water
samples to validate the reliability of the proposed uorescence
immunoassay. BPA was not found in the collected bottled
mineral water samples. Low concentrations of BPA were
detected in two barreled water samples and one river water
sample (Table 2). The concentrations of BPA detected by this
method in the barreled water no. 1, barreled water no. 2, and
river water samples were 153.33, 144.09, and 182.43 ng L�1,
respectively. Simultaneously, HPLC had validated the presence
of BPA in these water samples with concentrations of 161.20,
139.71, and 176.86 ng L�1, respectively. These consistent results
proved the reliability of the proposed uorescence immuno-
assay to detect BPA in real water samples.

The presence of BPA in the river water sample can be
ascribed to environmental pollution, while the presence of BPA
in the barreled drinking water samples may have been caused
by background BPA in water sources or the release and
This journal is © The Royal Society of Chemistry 2018
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Table 1 Recoveries of bisphenol A from spiked samples by the proposed method and HPLC (n ¼ 3)

Sample
Spiked level
(mg L�1)

This method HPLC

Recovery (%) CV (%)a Recovery (%) CV (%)

Barreled water 0.1 106.89 12.94 89.06 1.56
1 85.35 17.37 97.70 3.36
10 105.09 11.57 110.82 7.60
100 85.99 0.40 104.88 0.49

Bottled mineral water 0.1 102.60 14.33 85.18 3.68
1 96.44 5.77 92.78 0.88
10 104.75 15.52 107.64 12.60
100 108.35 7.22 100.18 1.19

River water 0.1 102.63 2.21 81.60 3.44
1 86.75 9.27 92.68 4.55
10 100.41 16.04 113.72 2.33
100 103.86 8.39 91.73 1.59

a Coefficient of variation.

Table 2 Analysis of bisphenol A in real water samples by the proposed
method and HPLC (n ¼ 3)

Sample

Measured (ng L�1) (mean � SDa)

This method HPLC

Barreled water no. 1 153.33 � 16.78 161.20 � 18.59
Barreled water no. 2 144.09 � 12.45 139.71 � 7.13
River water 182.43 � 21.27 176.86 � 8.99

a Standard deviation.
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transference of BPA from plastic packing materials. The illegal
recycling of discarded plastic packing materials may result in
the transference of BPA to the water. Although the concentra-
tions of BPA detected in these water samples were all lower than
0.01 mg L�1 (the concentration limit established in the Stan-
dards for Drinking Water Quality (GB 5749-2006) of China),
considering the toxicity of BPA, long-term drinking may lead to
health risks for humans.
4. Conclusions

In our study, water-soluble carboxyl-functional NaYF4:Yb/Tm
UCNPs with emissions at 454 nm excited by a 980 nm laser
were used as the uorescence signal labels. The magnetic
polystyrene microspheres (MPMs) were chosen as separation
mediums to separate the immunocomplex from the test system.
The magnetic separation operation via an external magnet was
simpler and more time-saving than centrifugation. Water
samples without any pretreatment can be analyzed directly, and
the LOD of BPA in the water samples was 0.02 mg L�1. The
results of the spiked and real water samples by the proposed
uorescence immunoassay were in good agreement with the
results obtained by HPLC, indicating good accuracy and prac-
ticability of the proposed method. With a simple and rapid
analysis process, the proposed upconversion nanoparticles-
based uorescence immunoassay in combination with
This journal is © The Royal Society of Chemistry 2018
magnetic separation can be applied to rapidly and accurately
detect trace levels of BPA in drinking and environmental water.
Low concentrations of BPA have been detected in the real
barreled, drinking and river water samples in this study.
Although the concentration of BPA in the drinking water was
very low, long-term drinking may lead to health risks for
humans. Therefore, it is necessary to strictly control the
discharge of the wastewater containing BPA into the environ-
ment and the landlls of discarded plastic packing material
garbage to avoid contaminating the drinking water source. In
addition, it is also necessary to strictly control the illegal recy-
cling of discarded plastic packing materials in order to prevent
the release and transfer of BPA from packing materials to
drinking water or food. The proposed uorescence immuno-
assay can serve as a useful detection tool for the simple, rapid,
sensitive, and accurate monitoring of BPA contamination in the
drinking and environmental water sources.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This study was supported by the Tianjin Municipal Science and
Technology Commission (Project No. 16PTSYJC00130), the
National Key R&D Program of China (Project No.
2016YFD0401204), the National Natural Science Foundation of
China (Project No. 31501566), and the International Science
and Technology Cooperation Program of China (Project No.
2014DFR30350).
References

1 A. Izzotti, S. Kanitz, F. D'Agostini, A. Camoirano and F. S. De,
Mutat. Res., Genet. Toxicol. Environ. Mutagen., 2009, 679, 28–
32.
Anal. Methods, 2018, 10, 5313–5320 | 5319

http://dx.doi.org/10.1039/c8ay01260a


Analytical Methods Paper

Pu
bl

is
he

d 
on

 1
7 

O
ct

ob
er

 2
01

8.
 D

ow
nl

oa
de

d 
by

 D
uk

e 
U

ni
ve

rs
ity

 o
n 

12
/1

1/
20

18
 1

0:
37

:1
1 

PM
. 

View Article Online
2 T. Yamamoto, A. Yasuhara, H. Shiraishi and O. Nakasugi,
Chemosphere, 2001, 42, 415–418.

3 F. S. vom Saal and W. V. Welshons, Environ. Res., 2006, 100,
50–76.

4 C. A. Staples, P. B. Dorn, G. M. Klecka, S. T. O'Block and
L. R. Harris, Chemosphere, 1998, 36, 2149–2173.

5 J. H. Kang, F. Kondo and Y. Katayama, Toxicology, 2006, 226,
79–89.

6 R. Mercogliano and S. Santonicola, Food Chem. Toxicol.,
2018, 114, 98–107.
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