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Dummy  molecularly  imprinted  polymers  (DMIPs)  towards  bisphenols  (BPs)  were prepared  employing
1,1,1-tris(4-hydroxyphenyl)ethane  (THPE)  and  phenolphthalein  (PP)  as dummy  templates.  The  selec-
tivity  of  the  resulting  DMIPs  was  evaluated  by high-performance  liquid  chromatography  (HPLC).  Both
PP-DMIP  and  THPE-DMIP  showed  excellent  class  selectivity  towards  bisphenols.  THPE-DMIP  prepared
using  the  template  molecule  with  three  hydroxyphenyl  functionalities  achieved  higher  imprinting fac-
tors  (IF)  for  the  bisphenols  over  a range  of  7.9–19.8.  An  efficient  approach  based  on  dummy  molecularly
imprinted  solid  phase  extraction  (DMISPE)  coupled  with  HPLC-DAD  was  developed  for  selective  extrac-
tion  of eight  bisphenols  in sediment,  milk  and  human  urine  samples  using  THPE-DMIP  as  sorbents.  The
ummy  template
lass-selective
olid-phase extraction

method  showed  good  recoveries  (82–102%)  and  precision  (RSD  0.2–4%,  n  =  3)  for  these  samples  spiked
at  two  concentration  levels  (25  and  250  ng  g−1 or ng mL−1).  The  detection  limits  ranged  between  0.6 and
1.1  ng  g−1 or ng  mL−1. Efficient  removal  of  sample  matrix  and  interferences  was  also  achieved  for  these
samples  after  DMISPE  process.  The  results  demonstrated  great  potential  of the  optimized  methods  for
sample  preparation  in  the routine  analysis  of  trace  BPs  in complex  samples.
. Introduction

Bisphenol A (BPA) is an industrially important chemical that
s abundantly and widely used as a primary raw material for the
roduction of polycarbonate plastics, epoxy resins, and lacquer
oatings [1]. The release of BPA into food and environment matrices
2] has drawn great attention all over the world because of its estro-
enic and antiandrogenic activities. BPA has been reported to occur
n various foodstuffs, environmental matrices and human samples
3–5]. Moreover, several chemicals that are structurally similar to
PA, with two hydroxyphenyl functionalities, have been used to
erform the same function of BPA. The production and consump-
ion of these bisphenol analogs such as bisphenol F and bisphenol S

ave increased recently [6]. Other bisphenols (BPs) like bisphenol
F, bisphenol Z, bisphenol AP bisphenol E and bisphenol B were
lso used in foodstuffs [7].
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Several methods for quantitative analysis of bisphenols have
been developed such as HPLC-UV [8], HPLC-FLD [9] and LC-MS/MS
[10–13]. For the analysis of complex samples, the methods gen-
erally require a sample pretreatment step to separate and/or
pre-concentrate the analyte prior to analysis. Solid-phase extrac-
tion (SPE) is an effective sample treatment technique for BPs
analysis in view of its high enrichment efficiency. However,
the application of traditional sorbents is to some extent limited
due to their inefficient selectivities. The use of molecularly
imprinted polymers (MIPs) as SPE sorbents allows not only
pre-concentration and cleanup of the sample but also selective
extraction of the target analyte, which are particularly important
when the sample is complex and the impurities can interfere with
quantification.

Generally, MIPs are obtained by polymerizing functional
monomers and cross-linkers around template molecules, leading
to highly cross-linked three-dimensional network polymers. The
resulting imprinted polymers have high selectivity toward tem-

plate molecules and are stable, robust and resistant to a wide range
of pH, solvent and temperature [14]. However, at present, molecu-
lar imprinting still faces great challenges relating to its application
involving molecularly imprinted solid-phase extraction (MISPE),

dx.doi.org/10.1016/j.chroma.2014.07.055
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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uch as template leakage and low binding capacity [15]. In this
aper, we mainly focus on the template bleeding problem.

During the imprinting process, imprinted sites are formed not
nly on the surface but also deeply in the cross-linked polymer net-
ork structure, where organic solvent for removing template can
ardly reach [16]. Thus, the possible leakage of template molecules
ven after exhaustive washing steps can happen and cause a seri-
us impact on the accuracy of an analytical method, especially
or trace analysis [14,17]. This problem can be solved by use of a
ummy  template [18] as any leakage will be different from the
nalyte [19], and the resulting MIP  is defined as “dummy  molec-
larly imprinted polymer (DMIP)”. Up to now, structurally related
nalogs [20–24], fragments [25,26] and isotope labeled compounds
27] such as 3,3′,5′5-tetrabromobisphenol A (TBBPA), BPF, 2,6-
is(trifluoromethyl)benzoic acid (BTFB), p-tert-butylphenol (PTBP)
nd [2H16]bisphenol A (BPA-d16) have been reported for BPs
mprinting. However, most of these DMIPs show much lower
mprinting efficiency toward BPA as compared to the BPA-MIP, and
heir selectivities for other BPs were rarely investigated. Although
he BPA-d16 imprinted material showed remarkable recognition
bility toward BPA, it had been limited by the high cost and limited
vailability of mass spectrometric (MS) detection. The select of
ummy  template with high imprinting factors for a group of BPs as
ell as low cost was of great challenge due to the lack of effective

creening method [28].
Previously, we proposed a simple and fast screening method

or dummy  templates by combing the non-imprinted polymer
NIP) column method and the computational modeling of molec-
lar structure [29]. In that work, the selected BPS-template DMIP
chieved high affinities towards BPs. And the imprinting factors
IFs) achieved were much higher than those reported in the litera-
ures [30,31]. However, despite its ultra high selectivity for BPF, BPE
nd BPA, BPS-DMIP showed low efficiency for imprinting BPB and
PAF due to their larger molecular sizes. Moreover, BPS was  one of
he most important substitutions of BPA, and determination of BPS
n environmental and biological samples should also be very mean-
ngful. Therefore, for practical application of DMIPs in the class
etection of BPs, further work still needed to be done for screening
ummy  templates that do not belong to BPs but guarantee higher
lass-selectivity for the entire BPs.

In this paper, two structural analogs of BPs named 1,1,1-tris(4-
ydroxyphenyl)ethane (THPE) and phenolphthalein (PP) were
elected as the dummy  template molecules for BPs imprinting. The
lass-selectivity and binding affinity of the prepared polymers were
xamined using the chromatographic and binding experiments.
he polymer with higher recognition ability for BPs was  used as
he selective extraction sorbents for BPs from sediment, milk and
uman urine samples. The selectivity, accuracy and precision of the
eveloped method were also evaluated.

. Experimental

.1. Chemicals and reagents

1,1,1-Tris(4-hydroxyphenyl)ethane (THPE), phenolphthalein
PP), bisphenol F (BPF), bisphenol S (BPS), bisphenol E (BPE),
isphenol A (BPA), bisphenol B (BPB), bisphenol AF (BPAF),
isphenol AP (BPAP), bisphenol Z (BPZ), 2,2′,6,6′-tetrameth-yl-
,4′-sulfonyldiphenol (BS-TM), dienestrol (DIEN), diethylstilbestrol
DES), ethylene dimethacrylate (EDMA), methacrylic acid (MAA)
nd trifluoroacetic acid (TFA) were purchased from J&K Chemi-

al Ltd. (Beijing, China). The initiator 2,2′-azobisisobutyronitrile
AIBN) and tetrabromobisphenol A (TBBPA) were supplied by
laddin Chemical (Shanghai, China). 4-Vinylpyridine (4-VP) and
,4,6-trichlorophenol (TCP) were obtained from Acros (NJ, USA).
. A 1360 (2014) 9–16

HPLC grade acetonitrile, methanol and formic acid were purchased
from Fisher Scientific (Fair Lawn, NJ, USA).

2.2. Preparation of imprinted and non-imprinted polymers

Dummy  molecularly imprinted polymers (DMIPs) were syn-
thesized by the method described previously [29]. Briefly,
1,1,1-tris(4-hydroxyphenyl)ethane (THPE) and phenolphthalein
(PP) were used as dummy  templates, with 4-vinylpridine as
functional monomer and acetonitrile as polymerization solvent.
Non-imprinted polymers (NIPs) were obtained by performing the
same procedure in the absence of template molecules.

2.3. Chromatographic evaluation of the prepared polymers

The DMIPs and NIP particles were slurry-packed in methanol
into stainless steel HPLC columns (100 mm × 4.6 mm id) at 3000 psi
using ethanol as the pushing solvent. The analyses were carried
out using BPs dissolved in acetonitrile on an HPLC system which
included a manual injector (Rheodyne, 7725, Park Court, CA, USA),
a Waters 515 HPLC pump and a Waters 2487 dual wavelength
absorbance detector (Milford, MA,  USA). Acetonitrile at a flow rate
of 1 mL  min−1 was  used as mobile phase and 20 �L of the ana-
lyte (20 ppm) was  injected for analysis. The UV detector was set at
220 nm.  Capacity factor (k) was  calculated as k = (tR – t0)/t0, where
tR and t0 are the retention times of the analyte and the void marker
(methanol), respectively. The molecular imprinting factor (IF) was
calculated by the equation IF = kMIP/kNIP, where kMIP and kNIP are
the capacity factors for the imprinted and non-imprinted polymers,
respectively.

2.4. Binding experiments

The binding capacities and dissociation constants of THPE-DMIP
and the corresponding NIP were analyzed by binding experiments
using BPA as a model compound. BPA standard solutions with
different concentrations (0.005–4.0 mM)  were prepared in acetoni-
trile. One milliliter aliquots of each solution were mixed with 20 mg
of THPE-DMIP particles in a 10 mL  flask. The mixtures were incu-
bated at 150 rpm for 24 h (25 ◦C) in a water bath, and then rapidly
filtrated. The BPA concentration in the filtrate was  measured by
HPLC.

The adsorption capacity and dissociation constant Kd
(mmol  L−1) were calculated according to the Eqs. (1) and (2)
[32]:

Q = (C0 − Cf )v
m

(1)

Q

Cf
= − 1

Kd
Q + Qmax

Kd
(2)

Where C0 (�mol  L−1) and Cf (�mol  L−1) are the initial and final
concentrations of BPA, v (L) is the total volume of the sample, m (g)
is the mass of DMIP, Q and Qmax (�mol  g−1) are the amount of BPA
adsorbed at equilibrium and saturation, respectively.

2.5. DMISPE procedures

Solid-phase extraction cartridges with a 3 mL  volume were
packed with 200 mg  of the THPE-DMIP and NIP sorbents.

2.5.1. DMISPE of spiked sediment sample

Sample extraction was based on the method proposed by Liao

et al. [12]. In brief, 2 g of spiked sediment was extracted with
5 mL  of methanol–water mixture (5:3, v/v) by shaking for 60 min.
After centrifugation (4500 g for 5 min; Sorvall Biofuge Stratos,
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Table 1
The non-imprinted capacity factors (kNIP) and imprinting factors (IF) of the prepared
DMIPs toward dummy template, bisphenols (BPs) and other structurally related
compounds.

Analyte kNIP IFBPS-DMIP
a IFPP-DMIP IFTHPE-DMIP

THPE 3.67 33.4
PP 1.66 22.7
BPAP 1.59 – 11.4 19.8
BPB 1.49 5.7 7.8 17.4
BPA 1.49 8.7 8.1 16.4
BPAF 1.37 4.2 10.6 14.4
BPZ 1.62 – 8.0 11.6
BPE 1.60 13.8 6.1 10.8
BPS 3.97 34.6 6.5 8.5
BPF 1.79 14.5 4.5 7.9
TBBPA 3.7 3.9 12.9 2.2
DIEN 1.46 2.6 2.0 3.2
BS-TM 0.60 2.9 2.1 1.8
CAT 1.57 1.7 3.0 1.4
TCP 2.25 3.3 1.7 1.2
X. Sun et al. / J. Chrom

hermoelectron LED GmbH, D-37520, Osterode, Germany), the
upernatant was transferred into a glass tube. The extraction step
as repeated twice, and the extracts were combined and concen-

rated to ∼ 4 mL  under a gentle stream of nitrogen. After dilution
o 10 mL  with ultrapure water, the extract was  loaded onto the
HPE-DMIP cartridge (preconditioned sequentially with 3 mL  of
cetonitrile and 3 mL  of water). The cartridge was  then rinsed with

 mL  of water and dried under vacuum for 30 min. After drying, the
artridge was further washed with 5 mL  of acetonitrile and eluted
ith 6 mL  of methanol–trifluoroacetic acid (98: 2, v/v). The eluent
as dried under a stream of nitrogen gas and then reconstituted

n 0.5 mL  methanol–water (35: 65, v/v). An aliquot of 20 �L was
njected into the HPLC system for analysis.

.5.2. DMISPE of spiked milk sample
Sample extraction was based on the method proposed by Cao

t al. [33]. In brief, 2 g of spiked milk (3.5% fat) was deproteinated
y addition of 4 mL  of acetonitrile. After vortexing for 1 min, the
ample was then centrifuged at 3000 g for 5 min  at 4 ◦C. The super-
atant was transferred into a glass tube. The extraction step was
epeated twice, and the extracts were combined and concentrated
o ∼ 4 mL  under a gentle stream of nitrogen. After dilution to 10 mL
ith ultrapure water, the extract was loaded onto the THPE-DMIP

artridge. The following washing and elution steps are the same
ith sediment preparation.

.5.3. DMISPE of spiked human urine
After collection, human urine was centrifuged at 5000 g for

0 min  to eliminate precipitates. 2 mL  of spiked human urine sam-
le (adjusted to pH 12.0 by dilute sodium hydroxide) was directly
pplied to the THPE-DMIP cartridge. The cartridge was  then rinsed
ith 2 mL  of water (pH = 12.0) and dried for 30 min. After further
ashing with 2 mL  of acetonitrile, the cartridge was eluted with

 mL  of methanol–trifluoroacetic acid (98:2, v/v). The eluent was
ried under a stream of nitrogen gas and then reconstituted in
.5 mL  of methanol–water (35: 65, v/v). An aliquot of 20 �L was

njected into the HPLC system for analysis.

.6. HPLC analysis

HPLC analysis was performed on an Agilent 1200 system (Agi-
ent Technologies, Palo Alto, CA, USA) equipped with a vacuum
egasser, a quaternary pump, an autos ampler and a diode array
etector (DAD) connected to a reversed-phase column (Agilent
ORBAX SB-C18, 250 × 4.6 mm id, 5 �m).  A gradient program was

sed at a flow rate of 1 mL  min−1, by combining solvent A (water)
nd solvent B (methanol) as follows: 35%–100% B (25 min), 100% B
2 min). The column temperature was kept at 25 ◦C. The injection
olume was 20 �L, and the DAD wavelength was  set at 225 nm.

Fig. 1. Three-dimensional structures of dummy  templates and BPA. The stable structu
a Data from reference [29].

3. Results and discussion

3.1. Preparation and evaluation of DMIPs

3.1.1. Dummy template selection and chromatographic
evaluation

As we summarized before, both of the structural similari-
ties between the dummy  template and target molecules and the
imprinting effect for the dummy  template were important for a
successful dummy  molecularly imprinting process [29]. High non-
imprinted capacity factor (kNIP) of dummy  template obtained using
porogen solvent as the mobile phase can result in high imprinting
factor (IF) for the dummy  template itself.

The alternative dummy templates PP and THPE were first
selected based on their molecular structures. The optimized three-
dimensional structures of PP, THPE and BPA are shown in Fig. 1.
Both THPE and PP are structurally close to BPA with similar dis-
tance between two  hydroxyl groups. Moreover, larger groups were
found on the middle carbon of PP and THPE. THPE has a symmetrical
structure with three hydroxyphenyl functionalities. The imprint-
ing effects of PP-DMIP and THPE-DMIP for the dummy  template
itself were predicted by running PP and THPE on the non-imprinted
column using acetonitrile as the mobile phase. The kNIP values for
PP and THPE were then calculated as described in Section 2.3. As
shown in Table 1, the kNIP values of THPE and PP were 3.67 and
1.66, respectively, both higher than BPA (kNIP = 1.49 [29]). So, it

was expected that higher imprinting factors can be achieved for
THPE-DMIP and PP-DMIP as compared to BPA-MIP (IF = 14.7 [29]).
Moreover, since there exist large groups on the middle carbon of PP

re in vacuum was calculated by the molecular modeling software, Gaussian 09.
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nd THPE, good selectivity for large BPs may  be generated by using
HPE and PP as dummy  template.

To demonstrate the practicability and feasibility of the predic-
ion method, PP-DMIP and THPE-DMIP were then prepared and
ested. The selectivity of THPE-DMIP and PP-DMIP were evaluated
ith HPLC using acetonitrile as the mobile phase. The achieved non-

mprinted retention factors and imprinted factors toward dummy
emplate, BPs and structurally related compounds are listed in
able 1. The structures of the chemicals used are shown in Fig. 2.

As can be seen in Table 1, the IF values of PP-DMIP and THPE-
MIP were 22.7 and 33.4, which were indeed much higher than
PA-MIP. Such results further confirmed the effectiveness of the
IP column method. Furthermore, the dummy  molecular imprint-

ng effect of PP-DMIP and THPE-DMIP toward BPs were also studied
Table 1). Good class-selectivity of both PP-DMIP and THPE-DMIP
or BPs were obtained as compared to other structurally related
ompounds (such as DES, BS-TM, CAT and TCP). Compared to BPS-
MIP, more excellent recognition abilities for the large BPs (such
s BPB and BPAF) were obtained on PP-DMIP and THPE-DMIP.
he lowest imprinting factors of PP-DMIP and THPE-DMIP were
.5 and 7.9 for BPF, respectively, both of which are higher than
hat of BPS-DMIP (4.2 for BPAF). So the overall class-selectivity of
P-DMIP and THPE-DMIP were comparable or higher than BPS-
MIP. Furthermore, PP was  cheaper and safer than BPS, and both
P and THPE were non-bisphenol compounds. Therefore, PP and
HPE were better choices for the dummy  imprinting of BPs than

PS and other reported dummy  templates [30,31]. To achieve the
ighest class-selectivity of BPs, THPE was selected for the further

nvestigation.

Fig. 2. Schematic molecular structures
. A 1360 (2014) 9–16

3.1.2. Binding capacities and affinities
Both equilibrium binding experiments and Scatchard anal-

ysis were used to investigate the binding properties of the
obtained THPE-DMIP and NIP. BPA with a concentration range
of 0.005–4.0 mM was  used as the target molecule. Fig. 3A shows
the experimental adsorption isotherms of BPA on THPE-DMIP and
NIP sorbents. THPE-DMIP displayed an obviously higher capac-
ity than NIP. Moreover, in Fig. 3B, two different slopes were
observed corresponding to the high and low affinity binding
sites. This indicates that the binding sites in THPE-DMIP are
heterogeneous. The corresponding dissociation constants (Kd12)
and saturation capacity (Qmax12) values were calculated accord-
ing to the slopes and intercepts of the two  linear portions of
Scatchard analysis. The Kd12 and Qmax12 values were calculated as
0.107 mmol  L−1 and 4.512 �mol g−1 for the high-affinity binding
sites, and 4.226 mmol  L−1 and 48.76 �mol  g−1 for the low-affinity
binding sites, respectively.

The Kd1 and Qmax1 for high affinity binding sites were the
most important constants during the selective washing pro-
cess of SPE. Usually, lower Kd1 and higher Qmax1 value mean
higher binding affinity and capacity. The affinity of high sites
for THPE-DMIP (Kd1 = 0.107 mmol  L−1) was  about one half of the
reported BPS-DMIP (Kd1 = 0.205 mmol  L−1) [29] and BPE-DMIP
(Kd1 = 0.221 mmol  L−1) [30] towards BPA. Although the capacity of
high sites for THPE-DMIP (Qmax1 = 4.512 �mol  g−1) is a little lower
than BPS-DMIP (Q = 5.900 �mol  g−1), it is still high enough for
max1
trace analysis of BPs. The ultra high binding affinity of THPE-DMIP
allows stronger washing protocol during the SPE process, thus
removing the interferences from sample matrices more effectively.

 of the investigated compounds.
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Fig. 4. HPLC-DAD chromatograms obtained at 225 nm. (a1) S1; (a2) S2; (b1) elution
fraction of S1 from the THPE-DMIP; (b2) elution fraction of S2 from the THPE-DMIP;
(c1) elution fraction of S1 from the NIP; (c2) elution fraction of S2 from the NIP.
1,  BPS; 2, BPF; 3, BS-TM; 4, BPE; 5, BPA; 6, BPB; 7, BPAF; 8, BPAP; 9, BPZ; 10, DES;
11,DIEN; 12, TCP; 13, THPE. Conditions: loading, 10 mL  of ultrapure water fortified
with S1 or S2 (0.5 �g of each compound), washing solvent, 5 mL of acetonitrile;
ig. 3. (A) Adsorption isotherms of THPE-DMIP and NIP for BPA; (B) Scatchard plot
nalysis of BPA binding to the THPE-DMIP and NIP. Sorbent weight: 20 mg.

.2. Optimization of the DMISPE conditions

The factors for optimizing the DMISPE procedure include sam-
le loading pH and volume, volume of washing solvent and the
omposition and volume of eluting solvent. For all the steps, the
MISPE column packed with 200 mg  of THPE-DMIP was used.

.2.1. Sample loading pH and volume
The spiked aqueous solutions (Milipore water) were adjusted

o pH 3.0, 6.0, 9.0 and 12.0 by dilute hydrochloric acid or sodium
ydroxide. Different volumes (3–20 mL)  of these solutions were
ercolated through the THPE-DMIP cartridges. It was  found that,
he recoveries of BPs were close to 100% up to 20 mL  in the pH
ange of 3.0–9.0. However, the breakthrough of BPS, BPF, BPE and
PA happened at pH 12. This was because the bisphenols were
ompletely ionized and existed as BPs sodium salt at pH 12. After
he ionization, the polarities of BPs increased, thereby decreasing
he hydrophobic interactions between BPs and THPE-DMIP in the
oading step. BPS and BPF with lowest log Kow values (1.387 and
.764, respectively) have the breakthrough volumes of approxi-
ately 3 mL  and 10 mL,  as shown in Fig. S1.
.2.2. Washing solvent selection
Following the loading on DMI-SPE, 3 mL  of water was used as

ashing solvent in the first washing step. This was  used to remove
ample constituents remaining on cartridge and also to washout the
elution solvent, elution, 6 mL  methanol–trifluoroacetic acid (98: 2, v/v).

high polar interferences from the sample matrix. In the subsequent
step, the SPE column was dried with the aid of a peristaltic pump for
30 min. As it has been reported, residual water on the cartridge can
reduce the selectivity of MIPs toward target molecules due to the
non-specific hydrophobic binding [17]. After the column was dried,
a selective washing step was applied. This step was optimized in
order to get the maximum selectivity of the MIP  and to remove the
interferences as many as possible. In the present work, acetonitrile
was used as a selective washing solvent.

To estimate the selectivity of the DMISPE process, BPs and their
structurally related compounds (BS-TM, DES, DIEN and TCP) were
all tested. Both of DES and DIEN were hard to separate with BPAF
and BPAP. So the analytes were separated into two series: standard
series 1 (S1: BPS, BPF, BPE, BPA, BPB, BPAF, BPAP, BPZ and BS-TM)
and standard series 2 (S2: BS-TM, DES, DIEN and NP). 10 mL  of ultra-
pure water, fortified with S1 and S2 (0.5 �g of each compound),
respectively, were loaded onto the THPE-DMIP/NIP cartridges. Dif-
ferent volumes (3 mL,  4 mL,  5 mL,  5.5 mL  and 6 mL)  of acetonitrile
were applied in the washing step. In order to achieve high cleanup
efficiency rather than sacrificing the recoveries of BPs, 5 mL  of ace-
tonitrile was finally selected (See Fig. S2).

After selective washing (5 mL  of acetonitrile), the elution frac-
tions of S1 and S2 on both THPE-DMIP and NIP were collected and
analyzed by HPLC. The chromatograms are shown in Fig. 4. While
all BPs and structurally related compounds were effectively washed
off from the NIP cartridge, all BPs were selectively retained on the
THPE-DMIP cartridge. DES and DIEN with similar retention times
of BPAF and BPAP were also eliminated. The extraction recover-
ies for the bisphenols on the NIP and THPE-DMIP columns were in
the range of 0.6 − 2.4% and 91 − 100%, respectively (Fig. 5). Mean-
while, low recoveries for BS-TM, DES, DIEN and TCP were obtained
using either NIP (0.7–2.7%) or THPE-DMIP (3.5–7.9%) columns.
These results are in agreement with those obtained in the HPLC
evaluation experiments described in Section 3.1.2. The improved
dummy  molecularly imprinting effect of THPE-DMIP compared to

BPS-DMIP [29] allowed higher removal efficiency of BS-TM, DES,
DIEN and TCP on the imprinted column by using a stronger washing
protocol.
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Fig. 6. HPLC-DAD chromatograms obtained at 225 nm. (a) Directly extracted sam-
ples; (b) spiked samples (25 ng g−1) after DMISPE; (c) spiked samples (250 ng g−1)
after DMISPE. (A) Sediment sample; (B) milk sample. Peaks: 1, BPS; 2, BPF; 3, BPE;
4,  BPA; 5, BPB; 6, BPAF; 7, BPAP; 8, BPZ.
ig. 5. Extraction recoveries (%) obtained with THPE-DMIP and NIP cartridges for
ight BPs after percolation of 10 mL  of pure water containing 0.5 �g of each com-
ound using a washing step with 3 mL  water and 5 mL  acetonitrile.

.2.3. Elution solvent selection
To optimize the volume of elution solvent, 10 mL  of ultrapure

ater fortified with 0.5 �g of BPS, BPF, BPE, BPA, BPB, BPAF, BPAP,
nd BPZ were loaded onto the THPE-DMIP cartridge. Different elu-
ion volumes (4 mL,  5 mL  and 6 mL)  of methanol–TFA (98: 2, v/v)
ere tested. It was found that a volume of 6.0 mL  was sufficient to
esorb the trapped BPs from the DMISPE column. The use of less
lution volume resulted in low recovery of BPAP (See Fig. S3).

.3. Selective extraction of eight BPs from complex matrices

.3.1. Matrix effects
After extraction, the concentrated extracts of spiked sediment

nd milk samples were diluted to 10 mL  with ultrapure water
nd then directly applied to the DMISPE cartridges. Their matrix
ffects were then evaluated using the optimized washing proto-
ol (see Section 3.3.2). The chromatograms of directly extracted
ediment and milk samples are shown in Fig. 6 A and B, together
ith their spiked samples (both 25 and 250 ng g−1 or ng mL−1)

fter DMISPE. The directly extracted sediment sample showed high
ackground interferences when the retention time was from 15 to
0 min  which can have a big influence on the quantitative analysis
f BPs. Meanwhile, the background for milk sample was  relatively
lean. THPE-DMIP extracts for sediment and milk samples at both
igh and low spiked levels were very clean and, particularly, free

rom matrix interferences. These results compare favorably with
hose reported by other authors for BPs-MISPE [30,34]. Moreover,
he template bleeding from THPE-DMIP at a sub-ng g−1 or ng mL−1

evel was observed in the chromatographic experiments (Fig. 5, 6A
nd 6B). THPE bleeding can be detected by HPLC even after 20 time
se of the column (Fig. 7). Here, the template bleeding problem
hich may  have significant influence on the quantitative analysis

f BPs was successfully solved by using THPE as dummy  template.
The purification of human urine sample was not satisfactory

sing the optimized loading and washing conditions, thus neces-
itating further study on the removal of impurities. As can be seen
n Fig. 7, the chromatograms of spiked human urine samples after
MISPE at loading pH of 6 and 9 showed poor cleanup efficiencies.
s a result, complex sample matrices in urine affected the quantifi-
ation of BPs. A notable phenomenon during these DMIPE processes
as that a large amount of colored urinary impurities adsorbed on

HPE-DMIP cartridges during the loading step. Most of these col-
red impurities cannot be removed during the washing step and
an be easily eluted. According to Section 3.3.2, 5 mL  of acetoni-
rile was used in the selective washing step, and neutral and low

cidic impurities even with very similar molecular structure can
e easily washed out. However, it was hard to remove the impu-
ities with low pKa values that can form strong interactions with
-VP via acid-base interactions. When a pH value of 12 was  used for

Fig. 7. HPLC-DAD chromatograms obtained at 225 nm.  (a) directly injected human
urine sample; (b) spiked human urine sample (250 ng mL−1) after DMISPE at loading
pH  6; (c) loading pH 9; (d) loading pH 12. Peaks: 1, BPS; 2, BPF; 3, BPE; 4, BPA; 5,
BPB; 6, BPAF; 7, BPAP; 8, BPZ.
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Table  2
Average recoveries, relative standard deviations (RSDs, n = 3), limits of detections (LODs) and coefficients of correlation (r) obtained after solid-extraction of sediment, milk
and  human urine samples spiked at 25 and 250 ng g−1 or ng mL−1 concentration levels.

Analyte Spiking levela Sediment Milk Human urine LODa r

Recovery (%) RSD(%,n = 3) Recovery (%) RSD(%,n = 3) Recovery (%) RSD(%,n = 3)

BPS 25 99 0.5 96 2 – – 0.6 0.9999
250  100 1 95 0.7 – –

BPF  25 96 2 95 0.3 94 0.5 1.1 0.9999
250  93 1 93 4 90 3

BPE  25 95 1 92 0.8 88 2 0.7 0.9999
250  95 0.9 94 2 90 0.7

BPA  25 101 3 96 0.4 97 1 0.9 0.9999
250  98 0.6 96 0.6 92 3

BPB  25 98 0.4 97 3 90 2 1.0 0.9999
250  98 2 96 1 94 4

BPAF  25 92 1 98 3 98 3 0.6 0.9999
250  94 0.6 96 3 97 2

BPAP  25 95 0.5 84 0.8 82 1 0.6 0.9999
250  97 2 86 3 85 2

BPZ  25 99 0.2 88 1 93 3 0.6 0.9999
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a The units of spiking level and LOD are ng g−1 for sediment and milk samples an

he loading of urine sample, most of the colored impurities were
ot retained by the column, and further washing with 2 mL  water
pH = 12) and 2 mL  acetonitrile resulted in a very clean baseline.
his may  be due to the ionization of the acid impurities under basic
onditions, which greatly increased their polarities and thus made
hem easily breakthrough from the column in the loading step. The
nly drawback of this procedure was the inability to extract BPS. As
e discussed in Section 3.3.1, the breakthrough problem happened

specially for the BPS with the lowest logKow value.

.3.2. Validation
To evaluate the applicability of the optimized DMISPE proce-

ure for real sample analysis, the precision and accuracy of the
ethod were determined using sediment, milk and human urine

amples spiked at two concentration levels (25 and 250 ng g−1 or
g mL−1). The results are summarized in Table 2. The linearity of the
stablished method was estimated in the range of 5–2500 ng g−1 or
g mL−1 with a correlation coefficient r > 0.9999 for all BPs. The lim-

ts of detections (LODs) ranged from 0.6 to 1.1 ng g−1 or ng mL−1

ased on a signal-to-noise ratio of 3, and were lower than those
eported in other work [35]. The recoveries of BPs in these spiked
amples ranged from 82–102% with the relative standard devi-
tion (RSD, n = 3) less than 4%. The BPs recoveries in this study
ere higher than the previously reported values [36,37]. The above

esults suggest that THPE-DMIP served as an efficient SPE sorbents
or highly class-selective extraction of BPs from complex matrices.

. Conclusions

In this study, highly selective dummy  templates for BPs imprint-
ng were carefully selected. THPE-DMIP with superior imprinting
actors for BPs were synthesized and used as sorbents for DMISPE
f BPs from sediment, milk and human urine samples. Due to high
electivity of the optimized washing step, BPs in these complex
atrices were selectively isolated and matrix interferences were

liminated. The high extraction efficiency of DMISPE for different
omplex matrices suggested that it is a practicable solution for sam-
le preparation in routine analysis of trace BPs in environmental
nd biological samples.
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