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Abstract

Direct injection, enrichment and high performance liquid chromatography (HPLC) analysis of ultra-trace Bisphenol A (BPA) in water samples
using one narrowly dispersible BPA imprinted polymeric microspheres (MIPM) column in one analysis process was developed. One BPA imprinted
MIPM that had the best globular morphology and imprinted efficiency was used as HPLC stationary phase and applied to direct analysis of ultra-
trace BPA in water. The optimum direct analysis conditions were: conditioning the MIPM column with water for 10 min, injecting 40 mL water
sample directly, eluting with 70% methanol for 13 min and then 100% methanol for 7 min. Under the optimum conditions, the MIPM column
can simultaneously extract, enrich, separate and determine ultra-trace BPA in one analysis process with UV detector by injection of large volume
water samples (40 mL). The calibration graph was linear with R? >0.998 in the ranges from 0.1-100 nmol/L BPA standard solution. The intra- and
inter-day RSD are less than 9.5 and 9.6%, respectively. The limit of quantification was 0.1 nmol/L. RSD for spiked tap and lake water was less than
8.9% and the recoveries were 96—101.8%. The enrichment factor for BPA was 10,000 as 40 mL water sample was directly injected and analyzed.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Despite large advancement on highly sensitive analytical
instruments for determination of analytes in environmental or
biological samples, tedious sample pretreatment procedures are
usually required to detect trace analytes. Solid-phase extrac-
tion (SPE) has become a routine sample pretreatment method.
In order to overcome the low selectivity of routine SPE,
immunosorbents (IS), ahighly selective separation method using
the special molecular recognition between antibody and anti-
gen, is developed. Unfortunately antibody isolation is expen-
sive, time-consuming, and easily denaturized in the presence of
organic solvents, which limit the usage of IS on sample pretreat-
ment.
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Recently molecularly imprinted polymers (MIPs) have
become interesting materials in trace analysis. MIPs are syn-
thetic cross-linked polymers that possess specific cavities
designed for a target molecule (template) [1,2]. MIPs can rec-
ognize and rebind the target analyte selectively as the anti-
body does, and present a number of advantages including
easy preparation and high thermal and chemical stability [3,4].
Many reviews [5-9] and articles [9-19] about using MIPs as
solid-phase extraction sorbents to extract and enrich analytes
from different environmental and biological matrices have been
reported. Some MIPs also have been used as stationary phase
of high performance liquid chromatography (HPLC) to separate
template and its structure analogs [16-24,27,28].

In most cases, molecularly imprinted solid-phase extrac-
tion (MISPE) is used off-line to chromatographic systems.
Few applications [20-24] have been developed thus far as on-
line mode. In on-line mode, a MIP column and an analyti-
cal column (normally a C18 silica column) connected by a
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column-switching system are coupled to a HPLC system. The
MIP column is used as a pretreatment column to extract and
enrich analytes from samples, while the analytical column is
used to separate and quantify the analytes. Comparing with oft-
line mode, on-line mode has no sample manipulation between
the pretreatment and analysis steps, therefore the risk of los-
ing the analyte and contamination are reduced, consumption of
organic solvents is lower, the limit of detection, reproducibil-
ity and the potential for automation are improved. However, a
serious limitation of this on-line mode is that sorbents used in
the pretreatment column and in the analytical column must be
compatibility [25,26]. In addition, the column-switching sys-
tem increases the complexity and dead volume of the HPLC
system, and increases the analysis cost too. Nowadays, there
are also reports [27,28] about using MIPs as HPLC stationary
phase to separate and determine target analytes from complex
matrices. Because MIPs can be used as enrichment sorbents as
well as analytical sorbents, using one MIP column to simul-
taneously extract, enrich, separate and determine analytes in
complex matrices in one analysis process will be an attractive
work.

In this study, a fully simultaneous and direct analysis method
for ultra-trace analytes in environmental water samples was
established using one MIP column in the first time. First the
MIPs were synthesized and packed into a HPLC column. Then
large volume water samples (40 mL) were directly injected into
the column. Due to the highly selective binding characteristics
of MIPs, target analyte and its analogues were retained on the
column, while a large amount of other interferences in the water
were washed away with the injected solution running through the
column. Therefore, the analyte and its analogues were extracted
from the water and enriched in the column. Later, optimum

HPLC conditions were used to separate the target analyte from
its analogues and quantify it. Under the optimum conditions,
ultra-trace analyte in different water samples can be simultane-
ously extracted, enriched, separated, determined and quantitated
in one analysis process using one MIPs column and UV detec-
tor. Bisphenol A (BPA) was chosen as the target analyte in this
study because it is an endocrine disrupter widely presented in
environment at ultra-trace concentration and methods for its
determination are tedious [29-33].

2. Experimental
2.1. Reagents and standards

Bisphenol A, Bisphenol C, diethylstilbestrol, phenol, p-
nitrophenol, hexoestrol, 4-vinylpyridine (4-VP), and trimethy-
lolpropane trimethacrylate (TRIM) were purchased from Sigma
(St. Louis, MO). Azobisisobutyronitrile (AIBN, analytical
grade), toluene (analytical grade), methanol (HPLC-grade), ace-
tonitrile (HPLC-grade) and acetic acid (analytical grade) were
obtained from Shanghai chemical reagent company (Shanghai,
China). 4-VP and TRIM were purified prior to use via general
distillation methods in vacuo under argon protection to remove
the polymerization inhibitor. The AIBN was recrystallized from
methanol and then dried at room temperature in vacuum prior to
use. Toluene was distilled before use. Fig. 1 showed the molec-
ular structures of the chemicals used.

Distilled water was quadruplicate. Tap water was collected
from Zongguan waterworks (Wuhan, China). Lake water was
collected from Xibeihu Lake (Wuhan, China). Tap water and
lake water were filtered through a 0.22 um filter before use.
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Fig. 1. Names and structures of chemicals used in this study.
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Table 1

The preparation conditions, equilibrium dissociation constant (Kq), maximum number of binding sites (Bmax ), surface area and pore characters of MIPM and nMIPM

in this study

Polymer Amount of Acetonitrile Kq x107° Brmax x1072 N adsorption
BPA (mmol) (%) (mol/L) (mmol/g) -
Surface area (BET) (mzlg) Pore volume (cm3/g) Pore diameter (A)

MIPM 1 0.5 100 1.10 0.801 5.81 0.0056 43.1
MIPM 2 0.5 95

MIPM 3 0.5 90

MIPM 4 1 100 0.95 1.050 5.73 0.0051 40.8
MIPM 5 3 100 0.93 0.1208 5.92 0.0062 45.2
MIPM 6 6 100 0.90 1.370 543 0.0043 42.6
MIPM 7 8 100 0.88 1.373 5.85 0.0053 42.1
nMIPM 0 100 1.20 0.752 5.76 0.0058 39.2

2.2. Synthesis of the imprinted polymers

BPA imprinted MIPMs as well as non-imprinted polymeric
microspheres (nMIPM) were prepared by precipitation polymer-
ization. Table 1 showed the molar amounts of template molecule
and porogen used for the preparation of MIPMs and nMIPM in
this study. For a general polymerizing procedure, template BPA,
monomer 4-VP (6.0 mmol), cross-linker TRIM (12 mmol) and
free-radical initiator AIBN (40 mg) were dissolved in 250 mL
porogen in a 500 mL round-bottomed flask. The solution was
degassed in an ultrasonic bath for 5min then sparged with
oxygen-free nitrogen for 10 min. The flask was then attached
to the rotor-arm and rotated slowly (about 50 rpm). The poly-
merization was induced by heat irradiation at 65 °C for 24 h.
After centrifugation, the microspheres were extracted using a
Soxhlet apparatus in methanol-acetic acid 9:1 (v/v) for 24 h to
remove the template. Then the microspheres were washed by
acetonitrile for five times and dried in vacuo overnight at 25 °C.
nMIPM were prepared under identical conditions except that the
template was omitted.

2.3. Morphology observation

The surface morphology of the particles was observed using
a FEI Sirion 200 ultra-high resolution Schottky field emis-
sion scanning electron microscope (FESEM). All samples were
sputter-coated with gold before FESEM analysis. Pore volumes
and surface area were determined by nitrogen adsorption on
ASAP 2020M system (Micromeritics,USA).

2.4. Rebinding test

20mg polymers were shaken with 0.1-0.5mM BPA ace-
tonitrile solutions at 25 °C for 24 h. BPA in the supernatants
(free BPA) were determined by HPLC. Scatchard plot was con-
structed by plotting the ratio of the adsorbed BPA (B) to the
free BPA (free) against the adsorbed BPA (B). Ky (the equilib-
rium dissociation constant) and B,y (the maximum number of
binding sites) were decided according to Scatchard plot and the
Scatchard equation: B/[Free] = —(B/K4) + (Bmax/Kd)-

HPLC analyses were performed using a VARIAN PROSTAR
230 (USA) HPLC system with UV variable wavelength detector

operating at 281 nm. The injection volume was 10 pL. Sepa-
rations were carried out on a 250 mm x 4.6 mm, 5 pm Waters
C18 column at 25°C. The mobile phase was a mixture of
acetonitrile—-H, O-acetic acid (50:47:3) and the flow rate was
maintained at 1 mL/min. For BPA, the calibration graph was
linear in the ranges from 0.001-0.25 mmol/L with R =0.9998.
The limit of detection (LOD) (a signal-to-noise ratio of three)
was 0.1 umol/L. The limit of quantification (LOQ) was 1 umol/L.

2.5. Selectivity evaluation

The MIPMs were packed into a 50 mm X 4.6 mm stainless-
steel column by a slurry packing technique and then coupled
to the HPLC system mentioned above. 10uL BPA solution
(0.2 mmol/L in acetonitrile) was injected into the MIPM col-
umn. Methanol was used as mobile phase. The flow rate was
1 mL/min. The backpressure for nMIPM, MIPM1, MIPM4-7
was 28, 32, 30, 31, 30, 33 atm, respectively. Each sample was
analyzed in triplicate. The imprinting factor was defined as
I'= kip/knmip, Where kpip and knm;ip are the capacity factors of
BPA on the imprinted and non-imprinted polymers, respectively
[34].

2.6. Optimized BPA separation conditions in MIPM column

Ten microliters mixed BPA and its analogues solution
(0.2 mmol/L each in acetonitrile) was injected into the MIPM6
and nMIPM column. Mobile phase was optimized through using
different percentage of methanol in water in order to find the opti-
mum BPA separation conditions in MIPM column. The flow rate
was 1 mL/min. Each sample was analyzed in triplicate.

2.7. Direct analysis of BPA in water samples by MIPM6
column

The MIPM6 and nMIPM column was first conditioned with
distilled water for 10 min before used. Then 40 mL blank or
spiked water sample was injected into the column by a HPLC
pump and the optimum HPLC conditions established in 2.6 were
used to separate, determine and quantitate BPA. All samples
were analyzed in quintuplicate.
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2.8. Validation of the BPA peak

Under the same protocol in 2.7, 2mL efflux corresponding
to BPA peak (56-58 min) in blank lake water samples was col-
lected. This collection was repeated five times. Totally 10 mL
collected efflux was dry under Nj stream. The resident was redis-
solved in 20 uL acetonitrile and was analyzed by HPLC using
C18 column under the HPLC condition mentioned in Section
2.4.

3. Results and discussion
3.1. Preparation of MIPMs

Difference ratio of acetonitrile and toluene (Table 1) was cho-
sen as porogen. Particles prepared in pure acetonitrile (MIPM1)
(Fig. 2(A)) were globular and narrowly dispersible. As the per-
centage of acetonitrile decrease from 100 to 90%, the particles’
shape changed from globular to irregular and the dispersivity
increased (Fig. 2(A—C)). Regular shape of imprinted particles is
advantageous in chromatographic applications, and can facili-

.00 kv 3.0 4455x SE 7.2 HUST

Table 2

Retention time, capacity factor and imprinted factor for the nMIPM and MIPMs
Polymer Retention time K I
nMIPM 1.02 1.04

MIPM 1 1.11 1.2 1.15
MIPM 4 2.60 4.2 4.03
MIPM 5 3.32 5.6 5.38
MIPM 6 3.89 6.8 6.53
MIPM 7 4.01 7.0 6.73

tate system homogenization and mass transfer in ligand rebind-
ing processes. Therefore, acetonitrile was chosen as porogen in
the following study.

To examine the effects of the amount of template on the per-
formance of MIPMs, different amount of template was used
in the preparation. As the morphological and pore characters
of MIPM1, MIPM4, MIP5, MIP6, MIPM7 and nMIPM were
similar (Table 1). The binding isotherms (Fig. 3(a)) and Bpax
(Table 1) were carried out to evaluate binding capability, and the
capacity factor (k) and imprinting factor (/) (Table 2) were used

Acc.V Spot Magn Det WD
10.00 kY 3.0 60000x TLD 6.7 HUST

Fig. 2. Scanning electron micrographs of particles prepared in (a) 100%, (b) 95% and (c) 90% acetonitrile.
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Fig. 3. The binding isotherms (a) and the Scatchard plot (b) of MIPMs and
nMIPM.

to evaluate binding selectivity. It was clear that the binding capa-
bility and binding selectivity increased as the amount of template
used increased. This may because that in precipitation polymer-
ization excess porogen (typically 95% of the total reaction vol-
ume) was used in order to synthesize uniform MIP microspheres
[35,36]. Therefore, much of the template dissolves in the poro-
gen instead of reacting with the functional monomers to form
pre-polymerization complex. Increase the amount of template
would increase the formation of pre-polymeriztion complex and
the imprinted efficiency. Compared with other MIPMs, MIPM6
had almost the highest binding capability and selectivity like
MIPM7, but was prepared with less amount of template. There-
fore, MIPM6 was selected for the following research in this
study.

3.2. Optimized BPA separation condition using MIPM6
column

In order to examine the workability of MIPM®6 to separate
BPA from its analogues, MIPM6 and nMIPM were initially
washed with methanol to verify that there was no residual
template presented. Then 10 uL mixed BPA and its analogues
solution (0.2 mmol/L each in acetonitrile) was injected into the
columns, respectively. When distilled water was used as mobile
phase, none of the analytes can be eluted within 40 min. This
confirmed that under aqueous conditions the analytes primarily
interacted with MIPM6 and nMIPM by hydrophobic interac-
tions (non-specific interactions) [37].

In order to facilitate selective analytes isolation, a “molec-
ular recognition step” is necessary in the separation procedure
[38—40]. Methanol was then used as mobile phase to elute the

0 5 10 15 20
(a) TIME (MIN)
123456
0 5 10 15 20
(b) TIME (MIN)

Fig. 4. Chromatograms obtained by using 70% methanol for 13 min then 100%
methanol for 7 min as mobile phase. (a) MIPM6 column, (b) nMIPM column. (1)
Phenol, (2) p-nitrophenol, (3) diethylstilbestrol, (4) hexoestrol, (5) Bisphenol C,
and (6) Bisphenol A HPLC conditions: flow rate: 1 mL/min; injection volume,
10uL; analysts’ concentrations: 0.2 mmol/L each in acetonitrile.

analytes. Although BPA had the highest retention time when
using methanol as mobile phase, the separation efficiency was
unsatisfied. Then 80% and 70% percentage of methanol in water
were used as mobile phase, respectively. Results showed that as
the percentage of methanol decrease, the separation efficiency
increased. Seventy percent methanol can completely separated
BPA from its analogues, but the peak of BPA was broad. So
70% methanol for the first 13 min and then 100% methanol for
7 min were used as mobile phase. Suitable separation efficiency
was achieved (Fig. 4(a)). Therefore, 70% methanol for the first
13 min and then 100% methanol for 7 min were used as the opti-
mum HPLC assay protocol (Fig. 5). Under the same optimum
HPLC conditions, nMIPM column could not separate BPA from
its analogues (Fig. 4(b)). Only MIPM6 can selectively extract
and efficiently determine BPA.

3.3. Direct injection, enrichment and HPLC analysis of
ultra-trace BPA and the analytical characteristics of this
method

In order to establish a direct HPLC analysis method for
ultra-trace BPA, 40 mL standard solution contained BPA and
its analogues (10 nmol/L each) and 40 mL blank distilled water
were analyzed using MIPM6 and nMIPM, respectively, accord-
ing to the established direct analysis protocol (Fig. 5). When
40 mL blank distilled water was analyzed, no obvious peak
appeared in either MIPM6 or nMIPM column, demonstrating
that no leakage of BPA was detected in this assay. No obvious
peak detected during the injection of 40 mL standard solution
demonstrated in that BPA and its analogues were extracted and
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distilled water for 10 min
(10mL)

l

blank or spiked water sample for 40 min
(40mL)

¥

70% methanol in water for 13min
(13mL)

l

100% methanol for 7 min
(7mL)

Fig. 5. The entire developed direct analysis protocol.

retained. Then the optimum HPLC protocol was applied to the
columns. Chromatograms of MIPM6 (Fig. 6(a)) confirmed that
the enrichment, separation and analysis efficiency of MIPM6
were obvious. But chromatograms of nMIPM (Fig. 6(b)) showed

0.2
2 6
= 1234
S 01F
/'\_,5\
O L 1 1
40 45 50 55 60
(a) TIME (MIN)
0.2
S 0 123 456
0 L 1 1
40 45 50 55 60
(b) TIME (MIN)

Fig. 6. Chromatograms obtained by directly analysis of standard solution of
BPA and it analogues (10 nmol/L each) in MIPM6 column (a) and nMIPM
column (b). (1) Phenol, (2) p-nitrophenol, (3) diethylstilbestrol, (4) hexoestrol,
(5) Bisphenol C, and (6) Bisphenol A HPLC conditions: flow rate: 1 mL/min;
mobile phase: direct injecting water for 40 min, 70% methanol in water for
13 min then 100% methanol for 7 min.

that nMIPM could not separate BPA and its analogues. Further-
more, as the total eluted peak area of BPA and its analogues was
smaller than that of MIPMG, it was clear that only partial of BPA
and its analogues were retained and eluted in nMIPM.

To check the intra- and inter-day linear range, repeatability,
LOQ and LOD of this method, 40 mL 0.01-100 nmol/L stan-
dard solution was applied repeatedly (n=35) to MIPM6. Results
showed that in the concentration range of 0.1-100 nmol/L, the
intra-day RSD is less than 9.5%, and the inter-day RSD is less
than 9.6%. The established direct trace BPA analysis method
was reproducible. A linear calibration curve in the concentration
range of 0.1-100 nmol/L, constructed from peak area (y) versus
BPA concentration (x), was y=276501x + 102466, % =0.9983.
The LOD (a signal-to-noise ratio of three) was 0.03 nmol/L. The
LOQ was 0.1 nmol/L. As the LOQ for C18 column in routine
injection volume (10uL) was 1umol/L, the enrichment factor
for MIPM6 was 10,000 for BPA as 40 mL of water sample was
directly injected and analyzed.

3.4. Determination of ultra-trace BPA in environmental
water samples

Both blank and spiked tap water (Fig. 7(a)) and lake water
(Fig. 7(b)) were analyzed (five times) with the established pro-
tocol (Fig. 5) for ultra-trace BPA. Result showed that trace BPA
in complex matrices can be enriched, separated, determined and

0.2
Blank tap
water
p<]
§ 0.1 InM spiked
tap water BPA
<‘L._._~
0 1 1 1
40 45 50 55 60
(a) TIME (MIN)
0.2
Blank lake
water
T; 01t 1nM spiked
lake water BPA
ey
O 1 1 1
40 45 50 55 60
() TIME (MIN)

Fig. 7. Chromatograms obtained by directly analysis of BPA in (a) tap water,
and (b) lake water. HPLC conditions: flow rate: 1 mL/min; mobile phase: direct
injecting water for 40 min, 70% methanol in water for 13 min then 100%
methanol for 7 min.
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Table 3
Repeatability and recovery data for water samples analysis

Water sample Background Spiked concentration Measured concentration Repeatability Recovery (%)
(nmol/L) (nmol/L) (nmol/L) (RSD %, n=5)
0.1 0.096 8.9 96.0
Tap water N.D.2 1 1.001 3.6 100.1
10 9.991 1.6 99.9
0.1 0.631 8.1 99.0
Lake water 0.532 1 1.550 4.0 101.8
10 10.672 1.2 101.4
# Not detected.
correctly quantitated using MIPM6 and UV detector in one anal- References

ysis process. The analysis data (Table 3) showed the recoveries
for spiked tap water and lake water ranged from 96 to 101.8%
with RSD lower than 10%, which demonstrated that this analysis
method was completely suitable for ultra-trace BPA in environ-
mental water samples.

3.5. Confirmation of BPA peak

To prove the peak with the retention time of 57 min was BPA,
totally 10 mL efflux of the peak (56-58 min efflux, 2mL per
time for five times) in blank lake water assay was collected and
analyzed by HPLC using a C18 column. In HPLC analysis only
BPA was detected, showing the peak in the retention time of
57 min was BPA.

4. Conclusions

A fully simultaneous and direct analysis method for ultra-
trace analytes in environmental water samples was established
by large injection volume (40 mL), direct enrichment and HPLC
analysis using one narrowly dispersible MIPM column and UV
detector. Since, BPA was widely presented in environment at
trace concentration, it was chosen as the representative analytes.
Due to the high retention and specific HPLC characters of BPA
imprinted MIPM6 to BPA, ultra-trace BPA in 40 mL water sam-
ples can be simultaneously extracted, enriched, separated, deter-
mined and quantitated in one analysis process under optimum
conditions. The calibration graph of BPA standard solution was
linear in the concentration ranges of 0.1-100 nmol/L with less
than 9.6% intra- and inter-day RSD. For spiked (0.1-10 nmol/L)
tap water and lake water samples the RSD was less than 8.9%
and the recoveries were 96—-101.8%. The enrichment factor for
BPA was 10,000 as 40 mL water sample was directly injected
and analyzed. MIPM6 was successful applied to ultra-trace BPA
determination in environmental water samples with high accu-
rate and repeatability using commonly used UV detector. This
methodology may provide a useful tool for accurate investiga-
tion and determination of BPA levels in the environmental and
biological matrices.
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