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H I G H L I G H T S

• Solvent-responsive molecularly im-
printed polymers (S-MIPs) were de-
veloped.

• The adsorption behavior of S-MIPs
was regulated by solvent composition.

• S-MIPs were successfully employed to
solvent-regulated separation of BPA in
human urine.

G R A P H I C A L A B S T R A C T

Molecularly imprinted materials with switchable adsorption capability based on solvent-responsive cross-linker.
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A B S T R A C T

The fabrication of facile and versatile adsorbents with switchable adsorption performance based on molecularly
imprinting polymers is of great interest although still very challenging. Herein, a dynamic solvent-responsive
poly (ethylene glycol) unit-containing chain was introduced as cross-linker to prepare solvent-responsive mo-
lecularly imprinted polymers (S-MIPs) by free radical polymerization. Acryloyl-modified beta-cyclodextrin was
used as functional monomer, methacrylic acid as co-functional monomer and bisphenol A (BPA) as model
template. BPA can be tightly adsorbed in recognition sites by host-guest interaction and hydrogen binding.
Solvent-responsiveness of S-MIPs was investigated. Templates can be easily bound into the recognition cavity in
25% methanol aqueous solution with binding capacity of 21.36 mg/g while completely release in 100% me-
thanol following the de-swelling of the imprinting cavity. Binding experiments demonstrated that S-MIPs dis-
played appreciable recognition capability and selectivity toward BPA in 25% methanol solution, well lining with
Langmuir isothermal model and pseudo-second-order model. The proposed S-MIPs were successfully applied for
the direct enrichment of BPA from human urine without protein pre-deposition process. Under the optimum
conditions, the S-MIPs exhibited satisfactory recoveries ranging from 77.3% to 87.8% (spiked level from 40 μg/L
to 800 μg/L), indicating excellent applicability for specific analytes removal from urine samples. This simple
synthetic strategy provides an efficient route to synthesize the new intelligent materials for sample analysis in
complicated biological matrixes.

1. Introduction

Molecularly imprinted polymers (MIPs) have attracted growing

attention owing to their fascinating features of structure predictability
and recognition specificity that endow them with universal applications
including purification and separation [1–4], sensors [5–7], smart drug
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delivery [8–10] and catalysis [11,12]. Particularly, development of
MIPs for purification and separation has achieved great progress by
emerging technologies. However, the application of MIPs in sample
separation still encounters many challenges [13–15], such as partial
template removal, low binding affinity, undesired selectivity and un-
tunable identification performances. All drawbacks above remain to be
addressed to meet the various requirements of actual analysis. Because
of good responsiveness, switchable recognition characters and high
binding capacity, stimuli-responsive MIPs (SR-MIPs) have been con-
sidered as one of the most potential candidates of absorbing materials
[16–18]. These stimuli can be pH alternation [19–22], UV irradiation
[23–25], temperature transformation [26–29], etc.. Although these
existing SR-MIPs can effectively improve the absorption capacity and
selectivity performances of MIPs to some extent, they still face some key
problems that need to be solved in practical applications. For example,
the utilization of pH-responsive MIPs always depends on the addition of
a conventional acid or base. On the one hand, precise control of pH
value of solution is of great importance for regulating the adsorption
behavior of pH-responsive MIPs, but it is not easy to achieve. On the
other hand, for template molecules that are sensitive to pH changes,
higher or lower pH value would lead to their denaturation or even
degradation, which will greatly limit the wide applications of these
smart MIPs [30,31]. As for photo-responsive MIPs, although their em-
ployment could bring great advantages to sample preparation meth-
odologies, the application of these functional materials in food and
environmental analysis is relatively scarce. This can mainly ascribe to
the fact: the rate of the photo-isomerization of photo-reactive monomer
in highly cross-linked structure of MIPs is too low to meet the needs of
rapid analysis, thus restricting their applications in environmental
analysis [16]. Applications of SR-MIPs based on temperature-sensitive
polymer for analytes separation must rely on the assistance of tem-
perature controlling system, resulting in fussy experiments procedures
and tremendous energy consumption [32]. Therefore, exploiting a fa-
cile and versatile type of SR-MIPs to meet the demands for actual
analysis is highly desired.

In general, most MIPs were prepared in non-polar solvents upon H-
bonding interactions between polymer and templates. When MIPs ex-
posed to different organic solvents, corresponding shrinkage or swell of
MIPs follows, deforming the selective binding sites thus further de-
creasing the recognition ability towards substrates [33]. Solvent plays a
vital role in deciding the characters of binding and selectivity of MIPs.
Therefore, making full use of solvent, will be of great importance to
select the appropriate solvent for endowing the MIPs with excellent
responsiveness performances and enhancing the separation efficacy. In
the pioneering work, Mashelkar’s group [34] has taken the application
of MIPs as selective adsorbents for removal of phenol from BPA as ex-
ample, aiming at elucidating the role of solvent for adsorption ability.
In recent years, MIPs with solvent-responsiveness have been developed
and reported. Maddalena et al. [35] has constructed molecular im-
printed poly (acrylamide)-derivative nanogels with high selectivity to
bind the target protein, showing their solvent-regulation capability
upon the addition of acetonitrile. Liu’s group have prepared a type of
liquid crystalline-molecularly imprinted polymer, which displayed
floating properties in water while immersed in acetonitrile, as floating
drug delivery system to achieve controlled drug release [36]. Inspired
by the above reports, we envision that a MIPs with solvent-respon-
siveness can be designed and synthesized so that one can make full use
of the solvent difference between preparation process and sample
analysis to achieve reversible adsorption/desorption for analytes.

In the proposed method, a dynamic cross-linker with solvent-re-
sponsiveness was firstly employed into the preparation of molecularly
imprinted polymers. In order to further improve the adsorption prop-
erty of the imprinting materials, beta-cyclodextrin derivative was used
as functional monomer and methacrylic acid (MAA) was introduced to
strengthen the selective sites. Taking advantages of their unique fea-
tures, solvent-responsive molecularly imprinted polymers (S-MIPs) with

high affinity for templates were obtained. The resultant S-MIPs com-
bined the virtues of low-cost, easy of synthesis and high preparation
yield. More importantly, the adsorption character of S-MIPs can be
regulated just by adjusting the solvent composition. The template mo-
lecules could be hosted tightly in binding sites in 25% methanol aqu-
eous solution while be eluted easily in 100% methanol. And S-MIPs
possessed specific selectivity to target molecule comparing to its ana-
logues. The prepared S-MIPs were directly utilized to solvent-regulated
separation of BPA in human urine, indicating its great application po-
tential in complicated samples.

2. Experimental section

2.1. Reagents

Bisphenol A (BPA), diphenolic acid (DPA), resorcin (RF), 2,2-azoi-
sobutyronitrile (AIBN), methylacrylic acid (MAA), beta-cyclodextrin (β-
CD), methacryloyl chloride (MA) were purchased from Liaoning
Quanrui Reagent Co. Ltd (Jinzhou, China). Triethylene glycol di-
methacrylate (TEGDMA), N, N-dimethylformamide (DMF), dimethyl
sulfoxide (DMSO) and triethylamine were obtained from Aladdin
Reagent Co. Ltd. (China). β-CD was recrystallized from water and dried
under vacuum at 120 °C. All the other reagents in the present work
were analytical grade without any purification. Deionized water used
throughout the experiments was acquired by the laboratory purification
system.

2.2. Instruments

Fourier transmission infrared spectra (FT-IR) were recorded on a
Nicolet 360 spectrometer (Madison, USA). The morphologies of the
relevant absorbents were observed by scanning electron microscope
(SEM, Hitachi SU8000, Tokyo, Japan). Thermo gravimetric analysis
(TGA) was carried out by using a TGA Q500 Thermal Analyzer
Instrument (TA, USA). UV–Vis adsorption spectra were recorded by a
Shimadzu UV-2550 spectrophotometer (Shimadzu, Japan).

Chromatographic analysis was performed on an Agilent 1100 liquid
chromatograph (Palo Alto, CA, USA) which was equipped with a qua-
ternary pump, a heated column compartment, a diode array detector
(DAD) and a LC workstation. The detection wavelength was 224 nm for
BPA. The mobile phase was methanol–water solution (60/40, v/v). The
flow rate was 0.5 mL/min. The injection volume was set as 10 μL and
the column temperature was 30 °C. An Agilent ZORBAX SB-C18 column
(250 mm × 4.6 mm, 5 μm, Aglient, USA) was used throughout.

2.3. Preparation of solvent-responsive MIPs (S-MIPs)

2.3.1. Synthesis of vinyl modified β-CD (β-CD-MA)
β-CD-MA was obtained through the acylation reaction of β-CD with

MA. Amount of β-CD (0.5 g) was placed to a 100 mL round-bottomed
flask containing dry DMF (10 mL) and completely dissolved by ultra-
sonication. Then, 2.5 mL of dry triethylamine was injected to the above
mixture at once in an ice bath. MA (1.25 mL) was dropwise injected
into the above mixtures using a syringe under N2 protection. After in-
jection, the temperature was slowly elevated to 30 °C. The reaction
system was stirred for another 0.5 h, followed by filtration to remove
the unreacted β-CD. Then excess acetone was poured into the yellowish
filtrate to obtain white precipitates. The precipitates were then col-
lected by centrifugation, recrystallized twice with acetone, and dried at
50 °C for 24 h. The final white powder was denoted as β-CD-MA.

2.3.2. Synthesis of BPA-imprinted solvent-responsive polymers (S-MIPs)
The as-synthesized β-CD-MA (2 mmol, 100 mg) and BPA (1 mmol,

10 mg) were firstly dissolved in 1.5 mL DMSO. Then, MAA (3 mmol,
4 mL) was dropwise injected to the solution. The above mixture was
pre-assembled by ultra-sonication at room temperature for 1 h.
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Subsequently, 60 mmol of TEGDMA was poured into the above system,
which was degassed for another 30 min in an ultrasonic bath.
Afterwards, the mixture was transferred to a 100 mL round-bottomed
flask with continuously stirred for 10 min, which was slowly filled with
N2. Then, 0.12 mmol AIBN was added to the flask, which was main-
tained under slightly stirring for 5 h and kept stand for another 19 h at
60 °C. After the polymerization reaction was completely finished, the
crude mixture exhibited colorless transparent hydrogel. Furthermore,
the crude hydrogel was washed with methanol-acetic acid mixture (9:1,
v:v) for 24 h in Soxhlet extractor until no BPA could be detected. Then,
the crude hydrogel was washed twice with methanol. Finally, the pre-
pared S-MIP was dried in a vacuum at 50 °C for 24 h. The non-imprinted
polymers (S-NIPs) were synthesized using the same routes described
above except that no BPA molecules were added.

2.4. Adsorption experiments

Static adsorption experiments were conducted in 4 mL plastic pipe.
A 10 mg amount of MIPs was dispersed in a series of 3 mL BPA aqueous
solutions with various initial concentrations (Co, mg/L) ranging from 5
to 100 mg/L. After the above mixture were mechanically shaken with
200 rpm/min for 24 h at room temperature, the S-MIP or S-NIP nano-
particles were separated via centrifugation. Then the equilibrium con-
centration of BPA (Ce, mg/L) in the supernatant was measured by
UV–vis spectrophotometer operating at 278 nm. The binding amount of
BPA on S-MIPs or S-NIPs at equilibrium, termed as the equilibrium
adsorption capacity (Qe, mg/g), could be calculated using the below Eq.
(1):

=

−Qe Co Ce
m

V (1)

where V (L) represents the volume of BPA solution and m (g) denotes
the mass of MIPs or NIPs used.

The binding kinetics experiments were also carried out following a
similar procedure with the static adsorption study to confirm the
minimum adsorption equilibrium time. MIPs or NIPs (10 mg) were
suspended to 3 mL of BPA solution with an initial concentration (Co) of
50 mg/L. The obtained suspension was shaken continuously for a series
of time internals from 5 min to 150 min at room temperature. The real-
time concentration of BPA (Ct, mg/L) in the supernatants was mon-
itored by UV–vis spectrometer. The binding amounts for BPA with
different determined time t, defined as the temporal adsorption capa-
city (Qt, mg/g), was calculated as Eq. (2):

=

−Qt Co Ct
m

V (2)

The selectivity tests were evaluated towards 50 mg/L of BPA, DPA
and RF in 25% methanol aqueous solution, respectively. The operating
conditions were consistent with the static adsorption tests. After cen-
trifugation, the supernatants of three substances were measured by
UV–vis spectroscopy at 278 nm, 274 nm and 273 nm for BPA, DPA and
RF, respectively. The selectivity of the S-MIPs was evaluated by the
selectivity factor (α) that was calculated by the following Eq. (3):

=α Q Q/tem ana (3)

where Qtem and Qana (mg/g) are the amount of templates and analogues
adsorbed by S-MIPs, respectively.

2.5. Solvent-regulated uptake and release studies

The extended solvent-regulated studies were carried out under the
alternately solvent switches. Briefly, 10.0 mg of S-MIPs in 3 mL of
mixture solution was used. The initial concentration of BPA was pre-set
at 50 mg/L. The solvent composition was firstly arranged with 25%
methanol aqueous solution overnight and next transferred to 100%
methanol, respectively. The above process was repeated three times. At

the end of each cycle, the mixture system was centrifuged, and the
residual supernatant was measured by UV–vis detector at 278 nm.

2.6. Determination of BPA in human urine

The human urine samples were obtained from a healthy volunteer.
The urine samples were centrifuged at 8000 rpm for 8 min and the
supernatant was filtered with an aqueous filtration membrane (0.45 μm
pore size) for subsequent solid phase extraction.

An amount of 70 mg S-MIPs was put into a 10 mL centrifugal tube
and conditioned with 3.0 mL 25% methanol aqueous mixture. Then the
S-MIPs were separated by centrifugation and the supernatant was dis-
carded. The conditioned S-MIPs and 5 mL of the urine samples were
added into a beaker. The mixture was stirred for 30 min. After the
extraction was completed, the S-MIPs were separated by centrifugation
and washed with ultrapure water (0.5 mL). The analytes were obtained
from the S-MIPs by methanol (4 × 1 mL) with the aid of ultrasound (for
2 min during each eluting process). Finally, the eluent was merged and
dried with rotary evaporation. The residues were reconstituted with
methanol (1 mL), filtered through a 0.45 μm membrane, and further
analyzed by HPLC-DAD at 224 nm.

3. Results and discussion

3.1. Preparation of the S-MIPs

Herein, we put forward a new and simple route to construct S-MIPs
where flexible poly (ethylene glycol) unit-containing chain as solvent-
responsive cross-linker while functional monomer β-CD-MA is mainly
responsive for the selective recognition sites. Besides, co-functional
monomer of MAA was utilized to strengthen the binding interaction by
forming the strong hydrogen interaction with hydroxyl group of BPA.
The preparation process of S-MIPs and its possible recognition me-
chanism for templates are schematically illustrated in Fig. 1a. In detail,
β-CD-MA with vinyl groups was firstly prepared through the acylation
reaction of β-CD with MA. Then β-CD-MA, MAA and templates formed
a pre-assembly complex by host-guest interaction and hydrogen
bonding interaction. The incorporation of TEGDMA not only increased
hydrophilicity of polymeric network but also endowed the imprinting
materials with solvent-responsiveness [37]. The as-synthesized S-MIPs
adsorbed the targeted molecules in 25% methanol aqueous solution,
while released target molecules in 100% methanol due to the destruc-
tion of host-guest interaction between templates and β-CD-MA, the
destroy of the hydrogen bonding interaction between templates and the
polymeric network, and shrinkage of polymer network (Fig. 1b).

The interactions between the template and the functional monomers
are of great importance for enhancing the adsorption capability and
selectivity properties of the imprinted polymers. The optimal ratios
between β-CD or MAA with template were studied by UV–Vis spec-
troscopy, respectively. Furthermore, we need to note that in the range
of measured wavelength, MAA and β-CD didn’t appear any character-
istic peaks [38–40]. Firstly, in order to explore the interaction of MAA
with BPA, we kept the concentration of BPA at predetermined con-
centration while varied the concentration of MAA. The absorption of
BPA placed at 225 nm was shifted increasingly to longer wavelengths
and even disappeared along with an increase in MAA concentration,
while the peak of BPA at 278 nm didn’t shift, which was consistent well
with the results reported by Xie et al. [38]. The changes in absorption
wavelength of BPA suggested that the hydrogen bonding interaction
between hydroxyl of aromatic guest molecules and carboxyl group of
MAA happened. Moreover, the adsorption spectrum at 225 nm turned
to unchanged while MAA/BPA ratio reached to greater than 3:1, as
shown in Fig. 2a. The above results implied that the optimal stoichio-
metry between the MAA and BPA was 3:1. Fig. 2b showed UV–vis ab-
sorption spectra of BPA to different molar ratio of β-CD. Except for the
significant red-shift in adsorption peak of BPA at 225 nm, there was also
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a slight red-shift at 278 nm, which can be attributed to the successful
formation of inclusion complexes between BPA and β-CD. Takashi’s
group [41,42] has also reported the similar phenomena. In short, the
stable template-monomer complex formed when the ratio of β-CD and
BPA is 2:1. As demonstrated in Fig. 2c, the interaction of MAA/β-CD/
BPA was further measured to obtain the optimal ratios (3:2:1). Fur-
thermore, the corresponding MIPs were prepared to verify the adsorp-
tion capacity. As shown in Fig. 2d, the highest bound was obtained
while the MAA/β-CD/BPA ratio was arranged as 3:2:1.

3.2. Characterization

Fig. 3a presents the FT-IR spectra of β-CD and β-CD-MA. The in-
frared spectra of both β-CD and β-CD-MA exhibited peaks of 3383 cm−1

(OeH), 2930 cm−1 (CeH), 1155 cm−1 (CeO) and 1027 cm−1

(CeOeC), implying that the synthesized β-CD-MA did not change the
skeleton structure of β-CD. Moreover, compared with β-CD, the infrared
spectra of β-CD-MA showed the stretching vibration peaks of C]O
(1720 cm−1) and C]C (1637 cm−1), demonstrating that the acryloyl
group has been successfully transferred to β-CD by substitution reac-
tion. Fig. 3b indicates the FT-IR spectra of S-MIPs and S-NIPs. As for S-
MIPs and S-NIPs, they both presented the characteristic peaks of β-CD
seen at 2930 cm−1 (CeH) and 1027 cm−1 (CeOeC). The absorption
bands at 1720 cm−1 in S-MIPs could belong to the C]O stretching
vibration of carboxyl of MAA. And the adsorption bands at 1265 cm−1

and 1165 cm−1 in S-MIPs could be attributed to the CeO symmetric
and asymmetric stretching vibration of ester of TEGDMA, respectively.
The above results suggested the successful formation of imprinted layer.
Comparing the characteristic peaks of S-MIPs with that of S-NIPs, there
was no obvious difference indicating that the complete removal of
templates.

The morphologies and microstructures of the constructed S-MIPs
and S-NIPs were clearly visualized by SEM. As presented in Fig. 4a, the
SEM micrographs of S-MIPs showed that amount of irregular micro-
pores were embedded in the polymer network, probably due to the fact
that templates were able to influence the morphologies of polymers
[43]. We believe that multi-porous structure of S-MIPs would con-
tribute to higher surface area thus enhancing adsorption capability.
However, the morphologies of S-NIPs showed densely surface, in-
dicating that there were no porous holes in S-NIPs (Fig. 4b). In addition,
nitrogen adsorption and desorption experiments of S-MIPs and S-NIPs
were carried out. The nitrogen adsorption–desorption isotherms of S-
MIPs exhibited Ⅳ-type curves (Fig. S1). The Brunauer-Emmett-Teller
(BET) surface area, average pore size and total pore volume of S-MIPs
are 3.02 m2/g, 278.50 nm and 0.019 cm3/g, respectively. According to
the nitrogen adsorption–desorption results of S-NIPs, there was no ni-
trogen adsorption for S-NIPs. The results were consistent with the SEM
images, demonstrating the densely compact structure of S-NIPs.

The thermo-stability of S-MIPs was demonstrated by TGA. Fig. 5a
showed the TGA curves of S-MIPs and S-NIPs in the temperature range
from 25 to 800 °C. The weight losses of S-MIPs can be divided into two
steps: step 1, the removal of physically and chemically adsorbed water
between 100 and 200 °C, respectively; step 2, the removal of the or-
ganic content in the imprinting layer when the temperature climbs
above 200 °C. Therefore, S-MIPs and S-NIPs could possess the excellent
thermo-stability below 200 °C.

When the S-MIPs were dispersed in methanol-water solution with
different composition, the average size of imprinting materials changed
significantly (Fig. 4a, c, d). Obviously, the higher content of methanol
in circumstance medium, accompanying with the reduction of water
content, would lead to the shrinkage of imprinting material. It is pre-
sumed that due to the presence of cross-linker TEGDMA, S-MIPs

Fig. 1. Schematic illustrations for the preparation of S-MIPs (a) and possible recognition mechanism of S-MIPs for templates (b).
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displayed dynamic size in different methanol-water mixtures. The si-
milar results published by Kim et al were consistent well with this work
[38]. When dispersed in 50% methanol aqueous solution, cross-linker
embedded in materials displayed less flexible structure compared to
that in 25% methanol aqueous solution causing the shrinkage of S-
MIPs. By comparison, imprinting materials showed the much smaller
size in 100% methanol. Interestingly, the de-swelled imprinting mate-
rials can be swelled by changing the solvent back to 25% methanol
aqueous solution. The phenomena above may presumably impact re-
cognition property of S-MIPs: the imprinted binding sites could match
well with the target molecules in 25% methanol aqueous solution,
whereas changing the solvent composition (i.e., from 25% methanol
aqueous solution to 100% methanol), the polymeric network shrinks,
with consequent deformation of the binding sites and loss of

recognition.

3.3. Binding properties of the S-MIPs

3.3.1. Adsorption equilibrium of S-MIPs
To demonstrate the rebinding features of the S-MIPs, static ad-

sorption equilibrium experiments were conducted. At the onset of the
experiments, the adsorption capacity of S-MIPs and S-NIPs increased
rapidly together with the increase of initial concentration in Fig. 6a.
However, the adsorption rate tended to slow down at a certain con-
centration of BPA due to gradual saturation of existing recognition sites.
Compared with S-NIPs, the S-MIPs possessed the higher adsorption
capacity, which meant that the imprinted sites were successfully
formed in S-MIPs. Furthermore, the Langmuir and Freundlich models

Fig. 2. UV–vis absorption spectra of BPA to different molar ratio of MAA (a); BPA to different molar ratio of β-CD (b); β-CD/BPA (ratio fixed at 2/1) to different molar
ratio of MAA (c); binding amount of BPA on different MIPs (d).

Fig. 3. FT-IR spectra of β-CD and β-CD-MA (a); S-MIPs and S-NIPs (b).
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were utilized for assessing the isotherm binding process and the cor-
responding equations were expressed as Eq. (S-1) and Eq. (S-2), re-
spectively. The fitting curves have illustrated in Fig. 6b, c. The curves
simulated by the Langmuir model indicated relatively larger correlation
coefficients (0.999), consistent well with the adsorption curves
(Table 1). In general, the Langmuir model demonstrates that active sites
onto surface of absorbents are homogeneous, causing the monolayer
binding. The maximum adsorption capacity for BPA onto S-MIPs was
reached to 21.36 mg/g, whereas the capacity of S-NIPs was 13.16 mg/g,
which suggested that S-MIPs consisted of amount of binding sites with
excellent imprinting effect. The results were well line with SEM images.
In the same circumstance media, S-MIPs possessed plenty of micropores
with more binding sites and did bind to the BPA with high affinity.
However, S-NIPs showed densely surface without molecule transfer

channels, which was not benefit for recognition thus causing the low
adsorption capacity.

3.3.2. Adsorption kinetics of S-MIPs
The extended binding kinetics of BPA onto absorbents were carried

out. As shown in Fig. 6d, the adsorption amounts of BPA increased
quickly in the beginning 30 min and gradually slow down till equili-
brium. The dynamic curves of S-NIPs appeared a similar tendency while
displaying a lower adsorption capacity. The discrepancy in adsorption
capacity would be explained by the following factors: in the preparation
process of S-MIPs, functional monomer β-CD-MA hosted the templates
to form the pre-assembly complex, at the same time, the joint of MAA
strengthened the imprinted interaction. After the polymerization and
further removal of templates, S-MIPs possessed a lot of recognition
sites, which were matched well with the template molecules in size,
shape and chemical functionality. However, functional monomers in S-
NIPs were kept in a state of disordered, thus causing the unmatched
sites for templates. On the other hand, S-MIPs showed multi pores
providing a lot of accessible routes to binding sites, while S-NIPs ex-
hibited non-porous surface structure causing the unaccessible channels
for templates. So, it would take a longer time for S-NIPs to reach ad-
sorption equilibrium. Therefore, S-MIPs displayed a high binding rate
for BPA, while S-NIPs presented a lower binding rate. The pseudo-first-
order and pseudo-second-order models were further applied for fitting
analysis according to the Eq. (S-3) and Eq. (S-4). As shown in Fig. 6f, the
dynamic data can be well described by pseudo-second-order kinetics
model (Table 2).

3.3.3. Adsorption selectivity
To get more detailed information about the binding characteristics,

the binding selectivity of S-MIPs was also estimated by comparing the
binding amounts between template and its structural analogues, de-
monstrated in Fig. 7. The adsorption capacities of S-MIPs for BPA, DPA
and RF were measured in 25% methanol aqueous solution as 8.97, 0.60,
0.82 mg/g, respectively. And the corresponding selectivity factors were

Fig. 4. SEM images of S-MIPs in 25% methanol aqueous solution (a); S-NIPs in 25% methanol aqueous solution (b); S-MIPs in 50% methanol aqueous solution (c); S-
MIPs in 100% MeOH (d).

Fig. 5. TGA curves of S-MIPs and S-NIPs in the range of 25–800 °C.
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14.95, 10.94, respectively. The abovementioned results directly in-
dicated that S-MIPs had better binding affinity toward BPA than its
structural analogues, whose shapes or functional groups could not
perfectly match with the imprinting cavities or recognition sites in S-
MIPs. The binding capacities of S-NIPs for all three analytes were all
lower than those of S-MIPs. However, the S-NIPs possessed higher af-
finity for BPA than other two analogues. The interaction between three
structural analogues and S-NIPs is mainly the host–guest interaction
between analogues and β-CD, as well as hydrogen bonding interaction
between analogues and polymeric networks. Compared to that of BPA,
the long alkyl chain structure of DPA increases its cyclotron diameter,
making it difficult to match with cavity of β-CD well [44]. And RF
possesses higher hydrophilicity, which is not conducive to binding with
hydrophobic cavity of β-CD. So it is difficult for DPA and RF to interact
with β-CD by host–guest interaction. In addition, because of the ab-
sence of template in the polymerization process, the S-NIPs possessed a

compact structure without pores (confirmed by nitrogen adsorption and
desorption experiments and SEM images). So the hydrogen bonding
interaction between analogs (DPA and RF) and the polymeric network
is very small, resulting in the low adsorption capacity. By contrast, al-
though the hydrogen bonding between BPA and the polymeric network
of S-NIPs is also small, BPA can form a good host–guest inclusion with
β-CD. So the adsorption capacity of S-NIPs for BPA is higher than that of
DPA and RF. All the above results suggested that S-MIPs exhibited
higher selectivity and affinity toward BPA.

3.4. Solvent-regulated binding behavior of BPA

Fig. 8a showed the changes of adsorption capacity of S-MIPs and S-
NIPs along with variation of water content in methanol aqueous solu-
tion. When immersed in 100% methanol, S-MIPs couldn’t adsorb any
templates, that is, the adsorption capacity of imprinting materials is

Fig. 6. Adsorption isotherms (a): Langmuir model (b); Freundlich model (c). And adsorption kinetics (d): Pseudo-first-order model (e); Pseudo-second-order model (f)
of BPA binding onto S-MIPs and S-NIPs.

Table 1
Isotherm parameters for BPA binding by S-MIPs and S-NIPs from the two iso-
therm models.

Adsorbents Langmuir Freundlich

qm (mg/g) K (L/mg) R2 lnKf (mg/g) 1/n R2

S-MIPs 21.364 0.00381 0.999 −0.133 0.761 0.976
S-NIPs 13.160 4.818 0.995 −4.00 1.483 0.995

Table 2
Kinetic parameters for BPA binding by S-MIPs and S-NIPs from the two kinetic
models.

Adsorbents Pseudo-first-order kinetics Pseudo-second-order kinetics

lnqe (mg/
g)

k1 (min−1) R2 qe (mg/g) k2(g mg−1

min−1)
R2

S-MIPs 1.675 0.0615 0.905 10.982 0.0289 0.999
S-NIPs 2.204 0.00549 0.808 4.96 0.0156 0.941 Fig. 7. Binding selectivity of S-MIPs and S-NIPs for BPA and its structural

analogs in 25% methanol aqueous solution.
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close to zero. With the water content in solution increased, the ad-
sorption capacity gradually developed. We further investigated the
changes of the adsorption selectivity of S-MIPs with different solvent
composition (Fig. 8b). We should note that BPA is water insoluble. DPA
with similar structure and the same solubility was introduced as con-
trol. With the water content in solution increased, the adsorption se-
lectivity gradually decreased, which was exactly contrary to the change
trend of adsorption capacity. For adsorbents applied to sample pre-
treatment, the selectivity factors and adsorption capacity of adsorbents
should be taken into consideration simultaneously. So we chose 25%
methanol aqueous solution to carry out subsequent experiments.

The solvent-responsive template binding properties were carried out
under the repetitive solvent-switching conditions. Fig. 8c demonstrated
the amount of bound BPA changes of S-MIPs in different media. Ob-
viously, the affinity of S-MIPs for BPA has distinctly changed when the
solvent composition switched from 25% methanol aqueous solution to
100% methanol. When the solution changes from 25% methanol aqu-
eous solution to 100% methanol, about 97.8% of the adsorbed BPA
molecules in S-MIPs were released. Interestingly, 93.1% of the released
templates were rebound into S-MIPs again after exchanging the solution
to 25% methanol aqueous solution for another 60 min, which was well
consistent with the swelling property of S-MIPs through changing the
solvent composition back to 25% methanol aqueous solution. Re-
binding phenomenon of S-MIPs verified its solvent-induced reversi-
bility. Even after several cycles, the release and uptake of BPA in
quantity was similar to that of the previous cycle, which further proved
S-MIPs not only possessed the excellent solvent-responsiveness, but also
showed the good repeatability. We further monitored the templates
release process in methanol (Fig. 8b). The data demonstrated that the
templates adsorbed in S-MIPs released completely into methanol within
only 10 min, which satisfied the demands of rapid analysis in the

practical application.
Based on the above experimental results, the possible mechanism

for solvent-regulated adsorption of BPA was discussed. The adsorption
mechanism of S-MIPs to BPA is mainly attributed to the host–guest
interaction and hydrogen bonding interaction between BPA and im-
printing sites, as well as high matching of three-dimensional size with
imprinted cavity. In 25% methanol aqueous solution, recognition sites
in S-MIPs matched well with the templates in size, shape and functional
group, displaying high affinity to templates. However, in 100% me-
thanol, the host–guest interaction between BPA and β-CD was de-
stroyed (Fig. S2), meanwhile, changes in the three-dimensional network
structure of S-MIPs (Fig. 4d) caused the destruction of hydrogen
bonding interaction between BPA and polymeric network, and the de-
formation of imprinted cavity, which cannot match the size of BPA. The
BPA adsorbed in S-MIPs could be almost completely released in 100%
methanol. Thereby, the newly imprinting materials possessed excellent
solvent reversibility. Such a facile controlled release and uptake by
solvent regulation will give the imprinted materials more practical
application.

3.5. Analysis of BPA in human urine

3.5.1. Optimization of extraction conditions
The optimization of extraction conditions was carried out [44–47]

by extracting 5 mL BPA aqueous solution (2000 μg/L). Several para-
meters, such as extraction time, amount of S-MIPs and desorption
conditions were firstly investigated to acquire the desired experiment
effect. As seen in Figure S3, the optimal conditions acquired: 70 mg of
S-MIPs was added and reached equilibrium within 30 min, and then
4 mL methanol was used to elute for four times (4 × 1 mL) assisted by
ultrasound. Under the above optimal conditions, the satisfactory

Fig. 8. (a) BPA binding curves of S-MIPs and S-NIPs upon the increase of water content; (b) the changes of adsorption capacity and selectivity factor of S-MIPs upon
the increase of water content; (c) solvent-regulated binding behavior of BPA by the S-MIPs; (d) BPA release curve in 100% methanol.
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recoveries of BPA were obtained, offering a foundation for the sub-
sequent detection of BPA in human urine.

3.5.2. Human urine analysis
The prepared S-MIPs were used as the materials of solid phase ex-

traction to selectively extract BPA in human urine samples under the
above optimal experiments conditions, followed by HPLC-DAD de-
termination. The linear range obtained for the determination of BPA
was 20–1000 μg/L with a correlation coefficient of 0.999. And the limit
of detection (LOD) for BPA was 1.7 μg/L based on the analyte con-
centration producing signal/noise ratio of 3:1. A comparison between
this method and previously reported BPA extraction methods was
shown in Table S1. No BPA at detectable levels were found in the urine
obtained from a healthy volunteer. Then the recovery study was carried
out by spiking the urine samples with BPA at three spiked levels of 40,
400 and 800 μg/L, respectively. Table 3 clearly indicated that the re-
coveries at three spiked levels of BPA were from 77.3% to 87.8%, de-
monstrating the potential capability of S-MIPs for separating BPA from
urine samples. The utilization of solvent-regulated intelligent elution
method by S-MIPs provides a simple strategy for BPA analysis in real
biological samples. On the one hand, an efficient elution induced by
100% methanol not only gets rid of the addition of a conventional acid
which is necessary in conventional MIPs elution process, but also per-
fectly fits with the subsequent chromatographic analysis conditions. On
the other hand, protein pre-deposition is not required for samples
preparation, which significantly simplified samples pre-treatment pro-
cess. The above results successfully suggested that the S-MIPs can be
directly utilized to separate and enrich BPA with high selectivity and
enrichment ability in practical samples.

4. Conclusions

In this work, we firstly developed a universal method to prepare the
smart molecularly imprinting material with solvent-tunable adsorption
performances, namely S-MIPs. Instead of designing the complicated
functionality-complementary functional monomer with stimuli-re-
sponsiveness, utilization of solvent-responsive cross-linker can easily
impart imprinting materials with excellent switchable adsorption
characters. This strategy takes the advantages of simple and convenient
synthesis with great versatility. The binding experiments demonstrated
that the introduction of solvent-responsiveness of cross-linker triethy-
lene glycol dimethacrylate endowed the S-MIPs with superior solvent-
regulation binding character. The S-MIPs can easily bind template
molecules in 25% methanol aqueous solution with high affinity and
excellent selectivity while release the templates in 100% methanol.
Moreover, the S-MIPs were directly and successfully utilized to extract
BPA from human urine samples with excellent enrichment capability
and satisfactory recovery. We strongly believe that exploiting and em-
ploying the smart cross-linker will be one of the future development
directions of intelligent molecularly imprinting materials preparation.
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