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ABSTRACT: Pickering emulsion polymerization was used to synthesize molecularly imprinted polymer beads for the selective recogni-
tion of 17-f-estradiol under aqueous conditions. Scanning electron microscopy analysis indicated that the imprinted polymer beads
had a small diameter with a narrow size distribution (18.9 = 2.3 um). The reduction in particle size achieved in this study was
attributed to the altered polarity of the stabilizing nanoparticles used in the Pickering emulsion. The imprinted polymer beads could
be used directly in water and showed a high binding affinity for the template molecule, 17-f-estradiol, and its structural analogs.
These water-compatible polymer beads could be used as affinity adsorbents for the extraction and analysis of low-abundance steroid

compounds in aqueous samples. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2013
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INTRODUCTION

Molecularly imprinted polymers (MIPs), as first reported by the
groups of Wulff et al.' and Mosbach et al.,” are synthetic mate-
rials with a predesigned selectivity for a particular molecule of
interest. Because of their low costs, higher stability, and easy
preparation, MIPs have been used in affinity separation and
various analytical applications.” Currently, MIPs are being used
in several new fields, including optical sensors,* plastic antibod-
ies,” and selective photocatalysis,’ and to facilitate protein
crystallization.” Mostly, MIPs are synthesized by the copolymer-
ization of a functional monomer with an excess of crosslinking
monomer in organic solvent.® The polymerization is carried out
in the presence of a template molecule, which forms a supramo-
lecular complex with the functional monomer to create an
imprinted site. Although the simple molecular imprinting con-
cept has led to numerous MIPs with high binding affinity and
selectivity, the use of organic solvents brings in a disadvantage:
poor binding selectivity in water due to the generally hydropho-
bic surface of MIPs. This problem has limited the application of
MIPs in clinical and environmental analyses, where selective
molecular binding is required under aqueous conditions.

Recently, several new methods have been developed to synthesize
water-compatible MIPs.””'* Among these synthetic methods, we

exploited Pickering emulsion polymerization using a nanoparticle
stabilizer in our previous studies to offer truly water-compatible
MIPs.'>!* In Pickering emulsion, fine solid particles are situated
on the surface of emulsion droplets dispersed in an immiscible
liquid; this thereby reduces the liquid-liquid surface tension and
impedes the coalescence of the emulsion droplets. The unique
three-phase structure of Pickering emulsion has been used to
realize interesting functions in several applications, such as waste-
water treatment and oil recovery.'>™” As shown in the literature,
Pickering emulsion has also been used to prepare new materials
with more advanced structures.'® When Pickering emulsion poly-
merization was used for molecular imprinting, it produced
hydrophilic MIP beads that showed high molecular selectivity in
water.'” The hydrophilic surface and the molecular selectivity
under aqueous conditions were attributed to the special polymer-
ization conditions used: during the polymerization, the polar
functional monomer, methacrylic acid (MAA), was enriched on
the bead surface; this led to more carboxyl groups located on the
bead surface. As a result, the MIP beads imprinted against the
p-blocker, propranolol, showed a high molecular selectivity for the
molecular template and its closely related molecular structures.

The aim of this study was to expand the scope of the Pickering
emulsion polymerization method to synthesize different types of
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MIP beads. For this purpose, we selected 17-f-estradiol as a model
template because this steroid molecule has a very different polarity
and functional groups in comparison with the previously used
propranolol template. From the application point of view, this ste-
roid template and many of its structural analogs have shown
endocrine disrupting effects,”®*" and their presence in environ-
mental and drinking water needs to be carefully monitored.

In addition to retaining a favorable water compatibility, we also
intended to decrease the size of the MIP beads to improve their
binding kinetics; this is important for practical affinity separa-
tions using, for example, liquid chromatography. Because the
nanoparticle stabilizer plays an important role in controlling the
droplet size in Pickering emulsion, we used silica nanoparticles
with a different polarity in this study to reduce the bead size of
the MIPs from the previous 100-200 to 20 um. The MIP beads
were characterized by fluorescence microscopy, SEM, and radio-
ligand binding analysis to reveal their surface functional groups,
particle size and morphology, and molecular recognition prop-
erties under aqueous conditions.

EXPERIMENTAL

Materials

SiO,-1 (diameter = 10 nm, product number 637246) was pur-
chased from Sigma-Aldrich (China). SiO,-II (diameter = 10 nm,
product number 718483) and 17-f-estradiol were purchased
from Sigma (St. Louis, MO). Ethylene glycol dimethacrylate
(EGDMA; 98%) was purchased from Sigma-Aldrich (Gillingham,
United Kingdom). MAA (98.5%), 2,2-azobis(2-methylpropioni-
trile) (AIBN; 98%), and Triton X-100 (99.5%) were purchased
from Merck (Darmstadt, Germany). Acriflavin (AFN; 90%) was
supplied by Fluka (Dorset, United Kingdom). AIBN was recrys-
tallized from methanol before use, and the other chemicals were
analytical grade and were used as received. All of the aqueous
solutions were prepared in ultrapure water (18 MQ cm).

(2,4,6,7->H(N)]-Estradiol (specific activity = 72.0 Ci/mmol,
13.9 uM in ethanol), [1,2,6,7->’H(N)]-cortisol (specific activity =
60.0 Ci/mmol, 16.7 uM in a 90:10 mixture of toluene and etha-
nol), 1-[5-’H]-tryptophan (specific activity = 31 Ci/mmol, 32.3
uM in a mixture of 50:50 water and ethanol), and
[1,2,6,7->H(N)]-corticosterone (specific activity = 82.0 Ci/mmol,
122 uM in a 90:10 mixture of toluene and ethanol) were
obtained from NEN Life Science Products, Inc. (Boston, MA).
[1,2->’H(N)]-Cholesterol (specific activity = 41.3 Ci/mmol, 24.2
1M in ethanol) and L—phenylalanine—[ring—2,6—3H(N)] (specific
activity = 50.0 Ci/mmol, 20 xM in a 98:2 mixture of water and
ethanol) were obtained from Sigma. Before use, 10 uL of the
radioligands cortisol, L-tryptophan, and L-phenylalanine were dis-
solved in 10 mL of ethanol, and 10 uL of the radioligands 17-f-
estradiol, corticosterone, and cholesterol were dissolved in 10 mL
of acetonitrile. These stock solutions of radioligands were further
diluted in the different solvents used in the radioligand binding
analysis.

Attenuated Total Reflection (ATR)—Fourier Transform
Infrared (FTIR) Analysis

To investigate the surface properties of the silica nanoparticles,
the dry particles were transferred onto the sample plate of the

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39606

WILEYONLINELIBRARY.COM/APP

Applied Polymer

SCIENCE

Table I. Preparation of the MIP Beads by Pickering Emulsion
Polymerization

Polymer Template Preheating time (h)  Liquid phase®
MIP1 17-p-Estradiol O Water phase
MIP2 17-p-Estradiol 0.5 Water phase
MIP3 17-p-Estradiol 1 Water phase
MIP4 17-p-Estradiol O Qil phase
MIP5 Corticosterone 0.5 Water phase

@The liquid phase to which the SiOx-Il nanoparticles were first added.

FTIR instrument. ATR infrared spectra were recorded with a
PerkinElmer FTIR instrument (PerkinElmer Instruments). All of
the spectra were collected at room temperature in the range
4000-500 cm ™" with 16 scans.

{-Potential Measurement

The { potential of the silica nanoparticles was measured by the
laser Doppler electrophoresis technique with a Zetasizer Nano
ZS instrument (Malvern Instruments, United Kingdom). Silica
nanoparticles were suspended in ultrapure water at a concentra-
tion of 10 ug/mL and introduced into folded capillary cells. The
measurement was carried out at 25°C and repeated three times.

Preparation of the Pickering Emulsion

SiO,-I (10 mg) or SiO,-II (10 mg), MAA (136 uL), NaOH solu-
tion (0.25 mL, 3 M), and Triton X-100 solution (3 mL, 0.3%)
were mixed and sonicated for 10 min. After the addition of
EGDMA (864 uL), toluene (100 pL), and AIBN (10 mg), the
mixture was again sonicated for 10 min and shaken vigorously
for about 1 min by hand.

Preparation of the MIP Beads by Pickering Emulsion
Polymerization

A stable Pickering emulsion contains three phases: solid par-
ticles, a water phase, and an oil phase. In this study, we used
silica nanoparticles (SiO,-II, 10 mg) as the solid particles; a
mixture of Triton X-100 solution (3 mL, 0.3%), NaOH solution
(3M, 0.25 mL), and MAA (136 uL) as the water phase; and a
mixture of EGDMA (864 uL), template (15 mg), and toluene
(100 uL) as the oil phase. MIP beads were synthesized by Pick-
ering emulsion polymerization under the conditions summar-
ized in Table L

Typically, SiO, nanoparticles and one liquid phase were mixed
in a glass bottle and sonicated for 10 min. After the addition of
the other liquid phase, the mixture was sonicated for 10 min
and shaken vigorously for about 1 min by hand to give a stable
Pickering emulsion. The Pickering emulsion was then pre-
warmed at 70°C for different periods (0, 0.5, and 1 h). There-
after, 10 mg of AIBN was added to the prewarmed Pickering
emulsion. The mixture was shaken vigorously for 1 min, heated
to 70°C in an oven, and kept for 16 h without agitation. After
the polymerization, the mixture was cooled to room tempera-
ture and kept there for 1 h to allow the polymer beads to settle
before the supernatant was removed. The solid particles were
washed with methanol two times, transferred into a plastic
tube, and stirred in a mixture of 20 mL of methanol and 1 mL
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Figure 1. (a) FTIR spectra of the SiO,-I and SiO,-II nanoparticles. (b) Images of the SiO,-I and SiO,-II nanoparticles dispersed in water. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

of HF (30%) at room temperature for 12 h to remove the silica
nanoparticles. To remove the template, the solid polymer micro-
spheres were washed with methanol containing 10% acetic acid
until no template could be detected in the washing solvent.
Finally, the polymer particles were washed with acetone and
dried in a vacuum chamber. As a control, nonimprinted poly-
mer (NIP) microspheres were prepared in the same way, except
that no template was added.

Morphology of the Pickering Emulsion

The Pickering emulsions were dropped onto a glass slide and
observed with a Nikon Eclipse E400 epifluorescence microscope
equipped with a charge-coupled device camera.

Surface Characterization of the MIP Beads

A scanning electron microscope (Thermal Field Emission SEM
LEO 1560, Zeiss, Oberkochen, Germany) was used to observe
the surface morphology of the MIP beads.

Fluorescent Labeling with AFN

The carboxyl groups on the MIP or NIP particles were labeled
with a fluorescent dye, AFN.*? Briefly, 5 mg of particles was
added to 1 mL of AFN solution (100 mg/L in methanol), and
the mixture was stirred at room temperature in the dark for 16
h. The particles were separated by centrifugation and washed
with methanol until no fluorescence could be observed in the
supernatant. The particles were finally dried in a vacuum cham-
ber. The AFN-labeled microspheres were deposited on a glass
slide and observed with the Nikon Eclipse E400 epifluorescence
microscope equipped with a charge-coupled device camera.

Radioligand Binding Analysis

MIP beads (5 mg) were added to 1 mL of solvent. After the
addition of 20 uL of a stock solution of radioligand {containing
[2,4,6,7->H]-estradiol (278 fmol), [1,2,6,7->H(N)]-cortisol (334
fmol), [1,2,6,7-*H(N)]-corticosterone (244 fmol), L-phenylala-
nine—[ring—2,6—3H(N)] (400 fmol), [1,2->’H(N)]cholesterol (484
fmol), or 1-[5->H] tryptophan (646 fmol)}, the mixture was
stirred gently at room temperature for 16 h. After centrifuga-
tion, 500 pL of supernatant was collected and added to 10 mL
of scintillation liquid (Ecoscint A), and the radioactivity was
measured with a Tri-Carb 2800TR liquid scintillation analyzer
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(PerkinElmer). The difference between the free radioligand and
the total radioligand added was used to calculate the percentage
of binding.

RESULTS AND DISCUSSION

In recent years, MIPs for 17-f-estradiol have been prepared
with different synthetic methods.”>?*> However, most of these
MIPs showed molecular recognition capability only in organic
solvents. Although in some studies traditional MIPs have been
tested in water, the specific binding in water displayed by these
MIPs has generally been very low. Therefore, it is necessary to
study new approaches to synthesize MIPs that can selectively
recognize 17-f-estradiol, particularly under aqueous conditions.
In our previous study, we showed that MIP beads synthesized
by Pickering emulsion polymerization displayed favorable
molecular recognition for propranolol and its structural analogs
in water. The excellent water compatibility was explained to be
a result of the hydrophilic surface of the MIP beads, which was
created by the special partition of the polar functional mono-
mer MAA on the oil-water interface during the polymerization.
To investigate whether the Pickering emulsion polymerization
method could be applied to other template systems, we synthe-
sized 17-f-estradiol-imprinted polymer beads and characterized
the molecular recognition properties of the obtained MIP beads.
In addition to preparing new water-compatible MIP beads, we
also studied how to reduce the particle size of MIP beads by
employing different types of nanoparticle stabilizers.

Control of the Droplet Size in Pickering Emulsions with
Different SiO, Nanoparticles

The first aim of this study was to generate small MIP beads by
Pickering emulsion polymerization. To test the applicability of
Pickering emulsion polymerization, we kept the composition of
the water and oil phase identical to that used in our previous
study;'® we only changed the nanoparticle stabilizer to control
the size of the Pickering emulsion. Two types of SiO, nanopar-
ticles with different polarities were selected to prepare the Pick-
ering emulsion. The surface properties of the silica
nanoparticles were first studied by ATR-FTIR analysis. As
shown in Figure 1(a), the broad peak around 3400 cm !, the
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Figure 2. Optical images of the Pickering emulsion from the (a) SiO,-I and (b) SiO,-II nanoparticles.

1 1

sharp peak at 1629 cm™ ', and the peak at 953 cm™ were
assigned to the fundamental stretching vibrations of O—H
group, the bending vibrations of coordinated Si—OH, and the
in-plane stretching vibrations of Si—OH group, respectively.>**’
For clearer comparison, the IR spectra were normalized to give
the same intensity for the asymmetric Si—O—Si stretching
vibration peaks around 1100 cm™".?” Apparently, the density of
OH groups on SiO,-I was much higher than that on SiO,-II;
this suggested that SiO,-I was more hydrophilic than SiO,-II.
The different surface polarities between SiO,-I and SiO,-II were
also confirmed by the measurement of their colloidal stability in
water. When 10 mg of the different SiO, nanoparticles were
added to 3 mL of water, SiO,-I produced a more stable disper-
sion than SiO,-1II, which aggregated and settled quickly [Figure
1(b)]. The different hydrophilicities and colloidal stabilities of
SiO,-T and SiO,-II in water were further confirmed by the mea-
surement of their { potentials. For the nanoparticles suspended
in ultrapure water, the { potentials of SiO,-I and SiO,-1I were

EHT =10.00 kV SE2
WD = 4.5mm 00°

17:09:27
SHILPI

20 pm

Mag= 298 KX

found to be —36.5 and —33.6 mV, respectively. The more nega-
tive { potential of SiO,-I also supported the fact that SiO,-1 was
more hydrophilic than SiO,-II; this led to the higher colloidal
stability of SiO,-I in water [Figure 1(b)].

In comparison with an emulsion stabilized by surfactant, the
mechanism of Pickering emulsion appears to be more compli-
cated. One important factor is that the surface characteristics of
SiO, particles affect the morphology and droplet size of the
obtained Pickering emulsions. Figure 2 shows the microscope
images of the Pickering emulsions stabilized by SiO,-I and
SiO,-II. The emulsions stabilized by SiO,-I had a wide size dis-
tribution from 20 to 200 um. When SiO,-II nanoparticles were
used as the stabilizer to prepare the Pickering emulsions, the
dispersed droplets became much smaller (~20 wum). The
reduced droplet size in the Pickering emulsion should have led
to MIP beads with similar diameters after the imprinting reac-
tion, and these MIP beads should be more suitable as stationary

e RN

2 pm Mag= 21.02KX EHT=10.00kV InLens
WD = 45mm 00°

17:20:26
SHILPI

Figure 3. SEM images of the (a) MIP2 beads and (b) their surface morphology after the silica nanoparticles were removed.
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Figure 6. (a) Uptake of the test compounds by MIP2 and NIP2 in water. (b) The structures of the test analytes.

18.9 * 2.3 and 18.2 *= 2.7 um, respectively. Therefore, the size
of these polymer beads indeed followed the droplet size of the
respective Pickering emulsions stabilized by SiO,-II nanopar-
ticles [Figure 2(b)].

In Pickering emulsions, silica particles are self-assembled at the
oil/water interface. After polymerization and the removal of the
silica particles, open pores were left on the surface of the
imprinted beads. In Figure 3(a), the SEM image showed clearly
the spherical shape of the MIP beads. The image in Figure 3(b)
revealed the rough surface of the same polymer after the silica
nanoparticles were removed.

Molecular Binding Characteristics of the MIP Beads

To study the molecular recognition properties of the synthesized
MIP beads, we first carried out a radioligand binding experi-
ment under equilibrium conditions.?* The uptake of 17-f-
estradiol in different solvents is summarized in Table II. When
tested in toluene, all of the MIP beads showed a higher specific
binding than in acetonitrile; this could be explained by the
more favorable H-bond interactions between the template and
the imprinted sites in the less polar solvent. The radioligand
binding results presented in Table II suggest that the MIP beads
displayed the highest specific binding for 17-f-estradiol in
aqueous solvent. This feature was similar to that of the previ-
ously reported MIP beads prepared by Pickering emulsion poly-
merization with propranolol as template.'® The specific 17-f-
estradiol binding in water could be explained by the existence
of carboxyl groups on the surface of the MIP beads. The
increased hydrophilicity of the MIP beads should have contrib-
uted to a reduction in the nonspecific binding, as indicated by
the adsorption on the NIP beads. As both the MIP and the NIP
beads had lower 17-f-estradiol binding in toluene and acetoni-
trile, the specific binding in water seemed to have been driven
mainly by hydrophobic interactions. Despite the polar surfaces
of the MIP beads, it is possible that within the molecularly
imprinted cavities, the well-defined hydrophobic sites played an
important role in the specific binding.

From Table II, it is also shown that the order of mixing in the
water and oil phases during the preparation of the Pickering
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emulsions did not affect the nonspecific binding in water (see
NIP1 and NIP4). Also, the mixture of the silica nanoparticles
first with the oil phase before they were added to the water
phase only led to a slightly increased specific binding (for
MIP4). Interestingly, the nonspecific binding of the MIP beads
decreased significantly when the emulsions were prewarmed at
70°C before the polymerization was initiated (see MIP1, MIP2,
and MIP3). The preheating may have increased the molecular
complexation driven by hydrophobic interactions; this thereby
led to better imprinted cavities. As a higher specific binding in
both water and buffer was observed in the MIP2/NIP2 system,
in the remaining experiments we focused on studying these two
polymers in more detail.

Figure 4 shows the increased uptake of estradiol when more
polymer beads (MIP2 and NIP2) were added. For both MIP2
and NIP2, increasing the amount of polymer increased the
uptake of 17-f-estradiol, but because of the molecular imprint-
ing effect, MIP2 always showed a higher binding for 17-f-
estradiol (2—4 times) than NIP2. To investigate the kinetics of
binding, we measured the uptake of the radioligand after the
polymer beads were incubated with the radioligand for different
periods. From the kinetic adsorption curves shown in Figure 5,
it was clear that the time required to reach equilibrium binding
was about 9 h for both MIP2 and NIP2. The MIP beads synthe-
sized in this study had much slower binding kinetics than our
previously reported surface-imprinted particles, which could
reach binding equilibrium in 20 min.'"* Nevertheless, the pres-
ence of more abundant imprinted sites over the whole particle
volume resulted in a much improved binding capacity. Further
improvement to increase binding kinetics may be achieved by
optimization of the type and quantity of the porogenic solvent
used in the Pickering emulsion polymerization.

The selectivity of the 17-f-estradiol-imprinted polymer (MIP2)
was studied by the measurement of its uptake of other steroid
compounds (cortisol, cholesterol, and corticosterone) and two
unrelated structures (phenylalanine and r-tryptophan) at similar
low concentrations. To focus on studying the best imprinted
sites, we decided to perform all of the equilibrium binding
using radioligands in the same concentration range (244-646 pM).
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The uptake of these compounds by MIP2 and NIP2 in water is
depicted in Figure 6, where the structures of these analytes are also
shown. It was interesting to observe that the binding of 17-f-
estradiol (I), cortisol (II), cholesterol (III), and corticosterone (IV)
followed a similar pattern (i.e., the uptake of these radioligands by
MIP2 was significantly higher than that by NIP2), and MIP2
showed a general selectivity for the steroid structures. For the non-
related phenylalanine and 1-tryptophan, MIP2 did not show any
increased binding compared to NIP2. The preference of MIP2 to
selectively bind the similar steroid structures was attributed to the
presence of the 17-f-estradiol-imprinted sites, which could also
accommodate cortisol, cholesterol, and corticosterone under the
same aqueous conditions. It was interesting to note that when cor-
ticosterone was used as the template, the imprinted polymer syn-
thesized under the same conditions (MIP5) only showed marginal
specific binding for corticosterone (see Figure S2 in the Supporting
Information). Therefore, the group selectivity displayed by MIP2
was, in fact, useful for analytical separation of some steroids that
are known to give poor molecular imprinting effects.*

CONCLUSIONS

In this study, MIP beads that were water-compatible toward 17-
p-estradiol were prepared by Pickering emulsion polymeriza-
tion. Instead of the previously used hydrophilic silica, more
hydrophobic silica nanoparticles were used to prepare the Pick-
ering emulsion with smaller droplet sizes; this reduced the size
of the MIP beads from about 150 to about 20 pum. Under opti-
mized conditions, the synthesized MIP beads showed a high
affinity for 17-f-estradiol and similar steroid structures in aque-
ous solvent. The specific binding for the similar steroid struc-
tures was attributed to the combined hydrophobic and
hydrogen-bond interactions located in the imprinted cavities.
We expect that the group selectivity of this 17-f-estradiol
imprinted beads should enable the direct extraction of steroid
compounds and other endocrine disrupting chemicals from
environmental water. Research in this direction is ongoing and
will be reported in a future publication.
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