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Abstract Three immunizing haptens of bisphenol A
(BPA), including two new haptens, were used to produce
highly sensitive and specific polyclonal antibodies. The
spacer arms of haptens for coupling to the protein carrier
were located at different positions in BPA, and different
length spacer arms were tested. Highly sensitive poly-
clonal antibodies were obtained and characterized using
indirect competitive enzyme-linked immunosorbent assay
(icELISA). Under optimized conditions, the half maximal
inhibitory concentration (ICsg) value of the best polyclonal
antibody was 2.1 pug-L™', based on coating heterogeneous
antigens, and this optimal polyclonal antibody was highly
sensitive toward BPA and displayed negligible cross-
reactivity with bisphenol B and bisphenol E. A sensitive
icELISA method utilizing the polyclonal antibody was
developed for the determination of BPA in milk. In spiked
samples (5, 10 and 20 pg-L™), the recovery ranged from
80% to 102% with a coefficient of variation (CV) value
below 15.8%. The limit of detection of icELISA was
1.95 pg-L'. These results indicate that the icELISA
method is suitable for the detection of BPA in milk.

Keywords bisphenol A, cross-reactivity, hapten, indirect
competitive ELISA, polyclonal antibody

1 Introduction

Endocrine disrupting chemicals that bind receptors for
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estrogen, progesterone, androgen and other steroid hor-
mones have been identified as potential estrogenic
substances!'"*l, of which bisphenol A (BPA), generally
known as bisphenol, is one example!'!. BPA shows a weak
estrogenic effect similar to 17p-estradiol™). Furthermore,
BPA is reported to induce secretion of prolactin*! and is
postulated to cause reproductive disorders including a
decline in sperm count’®l. In addition, BPA is a key
constituent of epoxy resins that are used as protective
coating on metal cans to maintain the quality of canned
food and beverages, and traces can be present in the
enclosed food or drink!"*®]. BPA has also been found in air
and dust samples in residential and commercial environ-
ments in Massachusetts'”! and in leachates from a waste
water treatment plant and river water in Japan[6’8’9]. To
reduce the hazard from ingesting food contaminated by
BPA, a simple, rapid and sensitive analytical method for
the detection of BPA is necessary.

Several methods for detecting BPA have been reported,
including gas chromatography coupled with mass spectro-
metry'® and liquid chromatography coupled with mass
spectrometry'''!. These methods are highly sensitive and
specific, but time-consuming and costly. Some highly
sensitive immunoassays have been reported that are more
convenient and faster than standard chromatographic
methods!'*"®!, but antibodies with a high affinity and
sensitivity are essential for immunoassay development,
and hapten design is a critical step in the production of
suitable antibodies!'”). Researchers have derivatized the
hydroxyl group of BPA with 2-5 carbon straight
chains!'*'>*°! and used these derivatives, as well as 4,4-
bis(4-hydroxyphenyl)pentanoic valeric acid (BHPVA)!'®),
as haptens for coupling to carrier proteins (Fig.1).
However, adding haptens at other positions using different
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Fig. 1 Haptens from the literature (a) and the synthesis of haptens and antigens (b)

length spacer arms for producing highly sensitive
antibodies have not been fully explored. Thus, the
objectives of this study were to synthesize two new
haptens for preparing highly sensitive polyclonal anti-
bodies, and to develop an indirect competitive enzyme-
linked immunosorbent assay (icELISA) method for
detecting BPA in milk.

2 Materials and methods
2.1 Materials and equipment
Bovine serum albumin (BSA), ovalbumin (OVA),

Freund’s complete adjuvant, Freund’s incomplete adju-
vant, urea hydrogen peroxide, 3,3’,5,5'-tetramethylbenzi-

dine (TMB), N,N'-dicyclohexylcarbodiimide (DCC) and
N-hydroxy-succinamide (NHS) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Goat anti-rabbit
IgG-HRP was purchased from Jackson ImmunoResearch
(West Grove, PA, USA). BPA, epichlorohydrin, and
4-aminobutyric acid were purchased from Beijing Ouhe-
chem Technology Co., Ltd. (Beijing, China). BHPVA was
purchased from Beijing Hvsco Technology Co., Ltd.
(Beijing, China). Other reagents and solvents were of
analytical grade or higher. A Multiskan MK3 microplate
absorbance reader was obtained from Thermo Inc.
(Shanghai, China), and microtiter plates were purchased
from Costar Inc. (Cambridge, MA, USA).

New Zealand white rabbits were provided by Vital River
Laboratory Animal Technology Co. Ltd. (Beijing, China).
Rabbits were euthanized by cervical dislocation and
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manipulated in compliance with Chinese laws and guide-
lines (GKFCZ2001545) and according to the China
Agriculture University (Beijing, China) regulations con-
cerning protection of animals used for scientific purposes
(2010-SYXK-0037).

2.2 Buffers and solutions

Coating buffer (CB) of 0.05 mol-L™' carbonate solution
(pH 9.6) and phosphate buffered saline (PBS, 0.01 mol-L,
pH 7.4) were used for antibody dilution and goat anti-
mouse [gG-HRP dilution (PBS-BSA 1%). Blocking buffer
was 2% casein in PBS (w/v). The washing buffer was PBS
containing 0.05% Tween 20 (PBST). Substrate solution
was prepared as described previously”?'!. Solution A
(pH 5) contained 1.0 g urea hydrogen peroxide, 18.0 g
Na,HPO,4-2H,0 and 10.3 g citric acid-H,O per liter of
water. Solution B (pH 2.4) contained 0.5 g TMB, 40 mL
dimethyl sulfoxide, 10.3 g citric acid-H,O and 960 mL
water. Both solutions were stored separately in the dark at
4°C. Before the assay, equal volumes of A and B were
mixed, and 2 mol-L™' H,SO,4 was used as a stop solution.

2.3 Hapten synthesis

2.3.1 Synthesis of 4-(2-(4-(oxiran-2-ylmethoxy)phenyl)
propan-2-yl)phenol

BPA (228 mg, 1 mmol-L™") was dissolved in 5 mL of
DMF, and 100 pL of epichlorohydrin (1.1 mmol-L™" was
added dropwise. The reaction mixture was stirred for 3 h at
25°C. Subsequently, 10 mL of deionized water was added,
and the mixture was extracted with 10 mL of ethyl acetate
three times. The organic phase was dried using a nitrogen
stream at 60°C, and residues were further purified via thin-
layer chromatographic (TLC) separation with dichloro-
methane-ethyl acetate 5:1 (v/v) as developing solution to
yield 4-(2-(4-(oxiran-2-ylmethoxy)phenyl)propan-2-yl)
phenol (OYPPP). The hapten OYPPP was characterized
by NMR.

2.3.2 Synthesis of 4-(2-hydroxy-5-(2-(4-hydroxyphenyl)
propan-2-yl)benzyl- amino)butanoic acid

BPA (228 mg, 1 mmol-L™") and 4-aminobutyric acid
(103 mg, 1 mmol-L™) were dissolved in 5 mL of absolute
ethanol, and 10 pL. of formaldehyde and 10 pL of acetic
acid were added dropwise. The mixture was allowed to
react at 25°C for 3h, and subsequently evaporated to
dryness under reduced pressure. Residues were further
purified by TLC separation with dichloromethane-ethyl
acetate 5:1 (v/v) plus 1.5% acetic acid as developing
solution as described above to obtain4-(2-hydroxy-5-(2-(4-
hydroxyphenyl)propan-2-yl)benzyl- amino)butanoic acid
(HHPBA). The hapten HHPBA was also characterized by
NMR.

2.4  Preparation of immunogens and coating conjugates

Haptens of OYPPP, HHPBA and BHPVA were covalently
attached to BSA and OVA for preparing the immunizing
and coating conjugates, respectively. To attach OYPPP to
BSA or OVA, 66 mg of BSA (or 90 mg of OVA) and
sodium bicarbonate (168 mg) were dissolved in 10 mL of
deionized water, and 1 mL of DMF containing 30 mg of
OYPPP was added dropwise and allowed to react for 2
days at room temperature.

HHPBA and BHPVA haptens were conjugated to
BSA or OVA via an active ester method””). Briefly,
HHPBA (34.3 mg, 0.1 mmol-L™"), or BHPVA (28.6 mg,
0.1 mmol-L™), was dissolved together with NHS (22 mg,
0.15 mmol-L™) and DCC (31.8 mg, 0.15 mmol-L™) in
1 mL of DMF and stirred at room temperature for 8 h.
Precipitates were removed by centrifugation and the
supernatant was added drop-wise to 66 mg of BSA
(OVA, 90 mg) in 10 mL of PBS and stirred for 12 h at 4°C.

All conjugates were purified by dialysis against PBS for
3 days and stored at — 20°C. MALDI-TOF/MS was used to
measure the hapten-protein molar ratios.

2.5 Polyclonal antibody production

Nine female New Zealand white rabbits (each weighing 2—
3 kg) were used for immunization. The rabbits were
injected intradermally at multiple sites on a shaved area
of the back (about 30 sites) with 1 mg of immunogen in
0.2 mL of PBS emulsified with 0.2 mL of Freund’s
complete adjuvant. For booster injections, the same
amount of immunogen was emulsified in incomplete
Freund’s adjuvant and injected subcutaneously at 10 sites
at 3-week intervals for 18 weeks!**!. Blood specimens
were collected 7 days after immunization. Antisera were
tested by indirect ELISA and icELISA as described below.

2.6 ELISA optimization

The polyclonal antibody was characterized in terms of titer
and sensitivity by indirect ELISA (iELISA) and indirect
competitive ELISA (icELISA), and after confirmation of
sensitivity, the antibody was used in subsequent experi-
ments. The optimized method was consistent with that
published previously!”?!. The checkerboard method was
used to optimize the concentration of coating antigen, and
the coating buffer, temperature, pH and ionic strength were
evaluated to establish a sensitive icELISA procedure.
Lower ICsq values and a suitable absorbance value (from
1.5 to 2.0) were selected as the criteria. The icELISA
method was essentially carried out as described pre-
viously!?*?*. Briefly, 96-well microplates were coated
with 100 pL per well of coating antigen in different buffer
and incubated at 37°C for 2 h or 4°C overnight. Plates were
washed three times with PBST and blocked with 200 puL of
blocking buffer and incubated at 37°C for 1 h. After
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removal of blocking buffer, 50 puL per well of standard
solution and 50 pL per well of antibody were added and
incubated for 30 min at 37°C. Following a washing step,
goat anti-mouse IgG-HRP (diluted 1:5000 in PBS, 100 pL
per well) was added and incubated for another 30 min.
After another washing step, 100 pL per well of substrate
solution was added and incubated for 15 min. The reaction
was stopped using 50 pL per well of stop solution. The
optical density was measured at 450 nm and 630 nm with a
Multiskan MK3 microplate absorbance reader.

The 1Cs, value of BPA was calculated using a titration
curve. The binding inhibition was determined for BPB,
BPE, BHPVA, 17B-estradiol, diethylstilbestrol and non-
ylphenol. Cross-reactivity (CR) values were calculated as
follows!**!:

CR = (ICsq of BPA/ICs, of competitor) x 100

2.7 Sample preparation

BPA-free skimmed milk was supplied by the National
Reference Laboratory for Veterinary Drug Residues
(Beijing, China). Milk samples were centrifuged at 3500
g for 10 min at 4°C, and the upper fat layer was completely
removed. Fat-free milk samples were then diluted twice
with 0.1% Tween 20 prior to immunoassay. Twenty blank
samples were subjected to icELISA as control, and the
limit of detection (LOD) was calculated using the
following equation:

LOD = X +3SD

3 Results and discussion
3.1 Synthesis of haptens and conjugates

The design of haptens is important in the development of a
specific antibody. A suitable hapten for immunization
should exhibit a near perfect mimic of the target molecule
structure, and share similar electronic and hydrophobic
properties. Tethering of the hapten to an antigenically inert
handle at a location distal to the determinant group(s)
should then be performed to avoid masking or altering any
functional groups®>?®!. Two basic approaches have been

Table 1 Optical density (ODy4s0) and ICsq of polyclonal antibodies®

used for preparing BPA conjugates; one involving
BHPVAL""*!8] "and the other involving the attachment of
various spacer arms between the hydroxyl group of BPA
and the terminal carboxyl group of the carrier protein
used for coupling, as demonstrated for BPA-GA, BPA-
CPE, BPA-CME, BPA-CBE and BPA-CPE
(Fig. 1a)l!%1313:16:201 15 this study, to preserve both
potential immunodominant epitope phenolic groups,
BHPVA was used as the hapten for conjugation, and
hapten OYPPP, which has one remaining phenolic group
and the methyl group of BPA, was initially synthesized and
coupled to the carrier protein. Furthermore, in order to
avoid any other functions of BPA, 4-aminobutyric acid was
introduced into the benzene ring in hapten HHPBA. The
reaction scheme is shown in Fig. Ib. The '"H NMR for
OYPPP and HHPBA were '"H NMR (D-DMSO) 3H:1.67
(s, 6H,—CH3), 2.38 (m, 1H, epoxyethane—~CH2-), 2.63 (m,
1H, epoxyethane—CH2-), 3.04 (t, H, -CH-0O), 3.95 (m,
IH, -O-CH2-), 4.21 (m, 1H, -O-CH2-), 4.80 (s, H,
—OH), 6.65-6.71 (m, 4H, H3 + H5 4+ H3' 4+ H5’'), 6.95—
7.10 (m, 4H, H2 + H6 + H2' + H6') and 'H NMR (D-
DMSO) 3H: 1.68 (s, 6H,—CH3), 1.73 (t, 2H, -CH2-), 2.27
(t, 2H, -CH2-COOR)), 2.62 (t, 2H, -NH-CH2-), 3.80 (t,
2H, Ar—~CH2-NH-), 4.58 (s, H, —-OH), 4.74 (s, H, -OH),
6.50-6.65 (m, 3H, H2 + H5 + H6), 6.90-7.00 (m, 2H, H2'
+ Ho6'), 6.68-6.85 (m, 2H, H3’' + HS5’), respectively,
indicating that both haptens were synthesized successfully.
And hapten-protein molar ratios were determined by
MALDI-TOF/MS and were 4.36, 2.52 and 5.81 for
HHPBA-BSA, OYPPP-BSA and BHPVA-BSA, respec-
tively, indicating successful conjugations.

3.2 Screening of polyclonal antibodies

All nine antisera were detected following the sixth
immunization using non-competitive ELISA to determine
the optimum dilution of coating antigens and antibodies,
and icELISA was then used to determine the sensitivity
using homologous coating antigens. As shown in Table 1,
ICso values and suitable absorbance values (from 1.5 to
2.0) were used as selection criteria. The three immunogens
could induce a significant immune response, but the
immunogen used OYPPP as hapten was the most active,
compared with haptens of HHPBA and BHPVA. Although
the hapten of HHPBA was generated purposely to avoid
any other functions of BPA, the sensitivity of these

OYPPP-BSA/OVA

HHPBA-BSA/OVA

BHPVA-BSA/OVA

- ODys0 ICso/(ng-mL l) ODys0 ICso/(ng-mL 1) ODys0 ICso/(ng-mL l)

1 1.251 37.4 = = 1.643 36.3

2 1.867 38.2 1.487 455 1.589 40.2

3 1.948 23.1 1.248 126.2 = =

Note: ?, the antisera were evaluated by icELISA for primary screening. The antiserum dilution was 20000 and coating conjugate dilution was 5000. “— indicates that

the rabbit died.
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antibodies was lower than that of other haptens, partly due
to the lower hapten-protein molar ratio. The sensitivity of
antibodies derived from the BHPVA hapten was lower than
those derived from OYPPP, presumably because the two
phenolic groups act as potential immunodominant epi-
topes, and the structure of BPA was altered slightly
following coupling with the carrier protein. Serum from
the rabbit induced by OYPPP-BSA was eventually selected
for subsequent experiments.

3.3 Comparison of homogeneous and heterogeneous
icELISA

Heterogeneous formats can greatly enhance the affinity of
antibodies toward their targets compared with coating
antigen or tracer hapten!'”*?"-**! by substantially impro-
ving the sensitivity. In this study, HHPBA-OVA and
BHPVA-OVA were used as heterogeneous coating anti-
gens, and OYPPP-OVA was used as a homogeneous
coating antigen, in order to compare their sensitivities. The
1C5o value of icELISA with HHPBA-OVA as a hetero-
geneous coating antigen was 3.83 pg-L™', compared with
22.6 ug-L™ for OYPPP-OVA (Fig. 2a). However, an ICsq
value of 81 pg-L ' was obtained when BHPVA-OVA was
used as the coating antigen, further indicating that the
phenolic and methyl groups of BPA act as the major
epitopes. HHPBA-OVA was therefore selected for sub-
sequent experiments.

3.4 ELISA optimization

The effects of various factors on icELISA (Table2) were
investigated using By and ICs, as selection criteria. CB
(0.05 mol-L™, pH 9.6), 37°C and pH 7.4 were chosen for
the coating buffer, the incubation temperature and the
optimal pH of the assay buffer, respectively. The ionic
strength had a strong effect on the immunoassay.
Specifically, increasing the NaCl concentration from 0.1

@ 25F
2.0
15
DQ
S 1.0
0.5
m OYPPP-OVA 3
0.0L ® HHPBA-OVA
: A BHPVA-OVA
il L Lo a ol " L0 oa ol e |
0.1 1 10 100

BPA concentration/(ug-L ")
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Table 2 Effects of various factors on the sensitivity of the icELISA

Factor Bo (ODyso) ICs¢/(ng-mL™")
Coating buffer 0.01 mol-L "' PBS, 1.796 6.4
pH 7.4
0.05mol-L ™' CB,pH 9.6  2.058 3.1
Temperature/°C 4 1.989 5.6
25 2.012 5.4
37 2.103 5.2
pH 6.0 1.584 3.2
7.4 2.083 2.1
8.0 2.307 2.7
NaCl concentration 0.1 1.980 22
/(mol-L™")
0.2 1.682 2.4
0.4 1.489 2.9

to 0.4 mol-L™ resulted in lower By values. However, a
higher NaCl concentration (0.4 mol-L™) may affect
antigen-antibody binding, hence, 0.1 mol-L™ NaCl in
PBS buffer was considered the optimal ionic strength.

3.5 Sensitivity and specificity of the immunoassay

Based on the optimized conditions, standard solutions
were diluted in PBS at concentrations of 0, 0.33, 1, 3,9, 27,
81 pg-L', and a standard curve for icELISA was
determined (Fig. 2b), resulting in an ICsy value of
2.1 pg-L". ICso values of other structurally related
compounds and CR values when the cross reactivity with
BPA was set as 100% are shown Table 3. The antibody
displayed lower CR values than BPB and BPE, but
differences in CR values for other related compounds were
negligible ( < 0.2%), confirming the high specificity of the
polyclonal antibody for BPA.

In addition, we summarized in Table 4 the haptens and

(b)
201
15F
10k
o
05}
m PBS
00r o Milk (diluted 2-fold)
i " 2 1l n PR R R

PR 1l M |
0.1 1 10 100

BPA concentration/(ug-L ")

Fig. 2 Standard curves. (a) The comparison of homogeneous and heterogeneous icELISA; (b) the standard curve of BPA in PBS and

milk. n = 3.
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Table 3 The ICs, values and cross-reactivity (CR) of the polyclonal

antibody

Compound ICso/(ng-mL ") CR/%
BPA 2.1 100
Bisphenol B 27.5 7.6
BHPVA 12.7 16.5
Bisphenol E 80.7 2.6
17B-estradiol > 1000 <02
Diethylstilbestrol > 1000 <0.1
Nonylphenol > 1000 <0.1

Table4 Comparison of ICs values reported in the literature and in this

study

Antibody name Hapten ICso/(ng L")
Polyclonal antibody (this study) BPA-AMA 2.1
Polyclonal antibody™*! BPA-CME 1.25
Polyclonal antibody!! BPA-CME 5.4
Monoclonal antibody BBA-2187°! BPA-CPE 0.59
Monoclonal antibody"”! BHPVA 2.2
Monoclonal antibody®"! BHPVA 140
Polyclonal antibody!®! BHPVA 200
Polyclonal antibody!"! BHPVA 1100
Polyclonal antibody!*! BPA-GA 12
Monoclonal antibody BPAB-11'*! BPA-GA 230
Chicken immunoglobulinst'? BPA-GA 570

ICso values reported recently in the literature. It can be
concluded that the icELISA we developed was more
sensitive (expressed by ICsy values) than some in the
literaturet'+' 15161831 "yt similar to others in published
literature!'***>). We suggest that the new immunogens
OYPPP-BSA and heterogeneous coating antigens
HHPBA-OVA both contributed to enhance the sensitivity
of the icELISA for the detection of BPA.

3.6 Assay performance in milk

To demonstrate the practicality of the icELISA method,
milk samples were spiked with various concentrations of
BPA, and the resulting LOD was 1.95 pg-L™'. Recovery
and coefficient of variation (CV) values are shown in

Table 5 Recoveries and coefficient of variation (CV) values for BPA in
milk by the icELISA (n = 3)

Added/(ng-mL ) Observed/(ng-mL ") Recovery/% CV/%
5 5.1 £0.75 102.0 £ 15.0 15.8
10 8.0 £0.12 80.0 £ 11.2 13.0
20 16.7 £ 0.19 835+ 9.5 9.8

Table 5. The mean recovery values ranged from 80% to
102%, with CV values below 15.8%. These results
confirmed that the icELISA method developed is both
suitable and convenient for detecting BPA in milk.

4 Conclusions

Three BPA immunizing haptens were used to produce
polyclonal antibodies and all three immunogens were able
to induce a significant immune response against BPA.
Hapten OYPPP proved to produce the best antibody, but
the sensitivity was improved significantly when HHBPA-
OVA was used as the heterogeneous coating antigen. Using
the optimized conditions, icELISA is a sensitive method
for rapidly screening milk for BPA.
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