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ABSTRACT

Endocrine disturbing chemicals (EDCs) are a group of emerging contaminants that have been
detected at trace concentrations in water around the world. Natural and synthetic hormones,
(including estrogenic compounds) from the EDCs family in water and wastewater effluents have
an adverse impact on ecology and human health. This poses a unique challenge for wastewater
treatment plants (WW'TP) intent on the analysis and removal of estrogenic compounds. During
the last decade, research interest in molecularly imprinted polymer (MIP) particles has increased
strongly. Chemical and mechanical stability together with high selectivity for the template
analyte render MIPs an interesting alternative to routinely applied sorbent materials or
antibodies.

This thesis consists of two main studies on the preparation of MIP particles specifically
for 17B-estradiol (E2), and the characterization of MIP particles using capillary electrophoresis
(CE). Three types of MIP particles were synthesized, using either EGDMA (MIP-E) or TRIM
(MIP-T4, MIP-T7) in two different mole ratios as a cross-linker. Binding efficiency of E2 on
these MIP and non-imprinted polymer (NIP) particles were examined. Experimental results
showed that after 2 min of incubation, 90+5% of E2 bound onto the particles. According to
Scatchard analysis, an adsorption model containing two types of binding sites, namely specific
and non-specific, was proposed. Further results indicated that the binding capacity of 8+3
pumol/g for MIP-E was increased significantly to 33+7 and 43«8 pmol/g for MIP-T4 and MIP-T7.
Leakage tests, by high performance liquid chromatography with fluorescence detection (HPLC-
FD), showed that bound E2 did not leak to the aqueous solution. The binding capacity, high
binding efficiency of 96+3 % (after equilibrium) and no detectable leakage of bound E2 made

these particles a great kind of sorbent materials for removal of E2 from water.
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CE characterization of MIP and NIP particles was investigated next. Electropherograms
were successfully acquired for the six different MIP and NIP particles, and their electrophoretic
mobilities were determined. Separation of MIP and NIP particles using 50 mM borate buffer
(pH 8.5) containing 0.005% (w/v) EOTrol™ LN allowed CE for use in reverse polarity (-30 kV)
as a simple and fast characterization technique. Dynamic light scattering (DLS) measurement of
the sizes, together with the electrophoretic mobilities of MIP and NIP particles, allowed for an
estimation of their surface charges. These charges were interpreted to represent the nonspecific
binding properties of MIP in comparison with NIP particles. Instrumental limitation for injection
of E2 (or other EDCs) and NIP particles in mixture set a lower limit (of ~20 s) on allowable
incubation time for non-specific binding kinetics study. Co-injection of bisphenol A (BPA, a
model EDC) and E2 allowed a study on the selectivity of MIP particles, whereas the two
compounds competed for available binding cavities. Moreover, it was confirmed that addition of
E2 after BPA resulted in their occupation of the specific binding sites of MIP particles,
displacing the BPA.

In summary, among the three types of synthesized MIP particles, MIP-T7 has a great
potential for non-specific removal of EDCs, in addition to specific removal of E2. MIP-T7, with
imprinting effect close to 3 and large binding capacity, showed the best binding properties.
Investigative characterization of MIP and NIP particles established that CE and DLS could be
used for a rapid determination of non-specific binding sites on submicron particles. Last, CE
study on binding selectivity of MIP particles led to a better understanding of the binding

mechanism between E2 and MIP particles.
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1.1 INTRODUCTION

In an era focused on environmental health, the water industry is faced with the challenge of
ensuring a safe supply of drinking water from sustained sources of varying quality [1]. Water
contaminants include toxic metals, carcinogenic organic compounds, synthetic chemicals,
pharmaceuticals, illicit drugs, cosmetics, personal care products and food supplements, together
with their respective metabolites and transformation products [2]. These are of international
concern because of their potential to adversely affect human health through consumption of
drinking water. More emphasis needs to be placed on endocrine disrupting compounds (EDCs),
including estrogens and androgens. The main sources of EDCs in the rivers and lakes of North
America and Europe are sewage effluent and agricultural runoff.

Estrogenic compounds are classified as EDCs which interfere with the synthesis,
secretion, transport, binding, action or elimination of natural hormones in the body that are
responsible for the maintenance of homeostasis, reproduction, development and behaviour [3].
These compounds have become a growing concern due to their potential of harming normal
endocrine function and physiological status of humans and animals [3,4]. Compounds of this
nature have been omnipresent in the environment since the existence of mammals, but it is the
growing population of today’s society that their effects are starting to be noticed. Both humans
and mammals excrete natural estrogens daily. However, conjugated estrogens used in the
treatment of cancer, hormonal imbalance, osteoporosis, and other ailments requiring hormonal
therapy are also causal tov the increase of estrogen pollution [5]. Descriptions of an evident
increase in breast and testicular cancers, slow development in infants, and a corresponding

decrease in human sperm quantity and quality have raised questions about the role of natural
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estrogens and synthetic estrogenic compounds [6-8]. 17B-estradiol (E2), 170-ethynylestradiol
(EE2), estrone (E1), and estriol (E3) are four estrogenic compounds contributing to pollution. E2
is the principal intracellular human estrogen and is substantially more active than its metabolites,
El and E3 [9], their molecular structures and physiochemical properties have been detailed
elsewhere [10]. The pharmaceutical EE2 is one of the active ingredients in birth control pills.
Synthetic hormones are generally more stable in water than natural hormones and have greater
potency [11,12]. The current use of pharmacological doses of estrogens (5-20 ug/day in oral
contraceptives, 1000 pg/day in hormone replacement therapy) to achieve positive health
outcomes is generally recognized as safe.

The main concern that arises from these compounds is their means of entering the aquatic
environment from contraceptive residues, hormone replacement therapy residues, and human
excretion. Studies in the United Kingdom have shown that the hormones E2, EE2 and El,
although excreted in inactive conjugates, can be degraded in sewage treatment plants to release
the active steroid hormones [13]. More concerning is the fact that these estrogens resist
degradation during typical sewage treatment operation, exhibit resilience in activated sludge, and
destine for release into river waters [14-16]. Sludge from wastewater treatment plants (WWTP)
that is used in agricultural fields has a high potential of leaching estrogenic compounds into
surface and ground water [17]. Certain control measures have been taken by municipal WWTP
to diminish estrogenic compounds in effluents. However, even low concentrations (ng/L) can
induce reproductive abnormalities, cause feminization of fish, and decrease the reproduction rate
of birds [18-20]. UV radiation, ozonation, membrane filtration, reverse osmosis, and activated
carbon adsorption are probable means of improving the removal of estrogens in WWTP [21-24].

Unfortunately, such methods are more costly than they are effective. The foremost challenge is
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that WWTP have to face a complex and variable mixture of numerous organic and inorganic
substances. This makes qualitative assignments doubtful and quantitative assays difficult owing
to the matrix-induced signal suppression effects or isobaric mass spectral interferences from the
complex sample extracts [25]. The reporting limit for estrogens is 5 ng/L after tertiary treatment
(sand filtration, ozonation, and UV disinfection). Relatively, few methods have been developed
for the processing of estrogenic pollutants in various environmental samples, especially water,
due to their low concentrations present and hence the high sensitivity required. For worse,
impoverishment of ecosystems arising from endocrine disturbance will have economic
consequences on the efficiency of the food web, which ultimately controls the availability of
foodstuffs for humans [1].

The innovation of molecularly imprinted polymers (MIPs) can be utilized for .highly
selective isolation of specific analytes in sample preparation by solid phase extraction (SPE) [26-
28]. Syntheses of MIPs are based on the co-polymerization of a functional monomer-analyte
(template) complex and a cross-linker. Design variables include the choice of monomer (which
complexes with the target analyte at a high binding affinity) [29], selection of a cross-linker
(where the length may determine the cavity size), and method of polymerization (which dictates
the nature of interactions between polymer matrix and the template to state the ultimate
extraction efficiency). The versatility in MIP preparation allows optimization of template-
polymer interactions to model after enzyme-substrate interactions in biochemistry that are highly
selective but lack stability. Once the polymer is formed, the template is removed with a proper
solvent, leaving a cavity that corresponds with the specific target analyte. In the subsequent
process of re-binding for water purification, specific interactions would occur between the smart

polymer and the target analyte molecules. In the present work, E2 is chosen as a model EDC
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contaminant for it is considered to be the most physiologically active estrogen [30,31] and has
been frequently detected in wastewater [32].

A number of approaches have been proposed for the detection and characterization of
submicron particles, including scanning electron microscopy (SEM) [33], dynamic light
scattering (DLS) [34], ultrasound spectroscopy [35], and separation techniques such as field flow
fractionation (FFF) [36], size exclusion chromatography (SEC) [37], gel electrophoresis (GE)
[38], capillary electrophoresis (CE) [39-43], and capillary gel electrophoresis [44]. CE has
many advantages over other analytical methods for analyzing submicron particles, including
common availability, frit-less operation, high mass sensitivity, high separation efficiency, minute
volume of sample, small volume of buffer and measurement of effective mobility, which
represents the charge to size ratio (q/r) for a particle [45]. CE has been used to understand the
charge of solid lipid nanoparticles in an aqueous suspension [46]. The electrophoretic mobility
was measured for SiO; nanosized particles in a CE cell at temperatures above 100°C, and the
results indicated a gradual increase in particle electrophoretic response with increasing
temperature [47]. Another example of CE analysis of particles was a simple determination of
low-density lipoprotein (LDL) particles modified in vitro with Cu®* and glucose. The LDL
electropherograms were highly reproducible with good precisions of effective mobility and peak
arca [48]. CE for the analysis of colloidal or nano-particles (e.g. polymers and inorganic
particles, microbes, mammalian cells, cell subunits and other biological particles) has been
recently reviewed [49-51]. In comparison, ion-exchange chromatography, size exclusion
chromatography and microchip methods have lower sensitivity and separation efficiency. Most
of them are not able to separate structurally similar particles into distinct peaks, and are more

laborious and time-consuming. Besides, submicron particles can easily cause damage to the
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injection valve or separation column of chromatographic instruments, as well as different parts of
mass spectrometric detectors.

The objective of this study was to characterize MIP and non-imprinted polymer (NIP)
particles by a simple CE method, which was a modification of our previous study on quantum
dots [52]. The CE method used background electrolyte of medium ionic strength (50 mM
sodium borate, pH 8.5) to optimize the ionic atmosphere effects around MIP and NIP particles.
Consequently these particles were stabilized by the high buffer pH. To the best of our
knowledge, this is the first report on characterizing MIP and NIP submicron particles using CE.
Meanwhile we can use CE to accumulate information about the charge state, size, size
distribution, dispersion stability, and surface binding sites of the particles. Moreover, this simple
CE method is unique in being able to separate the different kinds of particles that are migrating at
different mobilities. It also opens up new potential to investigate their thermodynamics and
kinetics for binding EDCs. Meanwhile binding properties of MIP and NIP particles
were appraised using HPLC as a reference method for validating CE as a new method for the

determination of EDCs without prior removal of the particles.

1.2 Principal aspects of molecular imprinting

Molecular imprinting is a powerful technique based on creating recognition sites, in a synthetic
polymer matrix, that are complementary to the size, shape and chemical functionality of the
template molecule. A molecular imprinted polymer can be formed by radical polymerization of a
functional monomer in the presence of a template that has complementary functional groups.
The template is extracted afterwards, thus leaving behind complementary cavities with chemical

affinity for the original template molecule. These cavities exhibit mechanistic functionality
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similar to those of antibodies or enzymes. The technique of molecular imprinting has been
applied with success to the preparation of materials with high affinity for separations [53,54],
binding assays [55], sensor science [56-58], and catalysis [59], wherever a highly specific
interaction of the target molecule (analyte) with the MIPs is demanded. A wide variety of MIPs
have been screened to meet the present demand of higher selectivity in various fields, such as
environmental control [60], drug delivery [61], health protection [62], forensic science [63], and
biotechnology [64].

Synthesizing the MIP particles requires a great attention on choosing numbers of
variables such as template, functional monomer, cross-linker, initiator, porogen, temperature and

methodology of polymerization.

1.2.1 Template

A MIP usually synthesized for a specific analytical use that implies the choice of a given
template molecule and that’s how it is in center of importance [65]. Templates direct the
organizations of the functional monomer around themselves and all compounds cannot be used
as a témplate. The template must have functional groups that can interact with the functional
group of the functional monomers. Their functional group ‘must not inhibit the polymerizations
process. They have to be stable in polymerization situation and through extraction procedure

[66].

1.2.2 Functional monomers
The functional monomers are responsible for the binding on MIP particles. Usually they are

used in excess in comparison with a template molecule to obtain suitable equilibrium
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concentration of template monomer construction. To create a strong template-monomer
interaction a complementary functionality on the functional monomers is essential. As of most
favorable functional monomer families, we can point to the carboxylic-acid based monomers.
These monomers can interact with a template molecule in various ways (both hydrogen bonding
donor and acceptance), as they possess only moderate rotational degrees of freedom.
Methacrylic acid (MAA) as one of the most used functional monomer has a methyl group that
comparing to acrylic acid restricts the conformational freedom and provides additional van der
waals interaction, which defines the shape selective elements of receptor sites. Structure of

MAA and acrylic acid are shown in Figure 1.
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Figure 1 Structures of a) acrylic acid, b) methacrylic acid.

1.2.3 Cross-linkers

Cross linkers are carrying the most important role in the MIP particles. Cross-linkers control the |
morphology and stability of the polymer matrix. In addition, cross-linkers stabilize the imprinted
binding site and maintain the three dimensional memory of the template. The MIP polymer
should be flexible enough to allow the diffusion of the templates. However, for keeping the
cavity of the template molecule, optimum hardness of the polymer is essential [67]. A large
variety of cross-linkers are compatible with the molecular imprinting manner. Ethyleneglycole

dimethacrylate (EGDMA) is one of the most common cross-linker that is used in preparation of
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either bulk or MIP particles. As seen in structure of EGDMA, a spacer links two methacrylate
moieties. Most often di-functional cross-linkers have been used, but in some cases tri-functional
cross-linker such as trimethylol propane trimethacrylate (TRIM) is used, while reported to

deliver a better performance [68]. Chemical structure of E2, bisphenol A (BPA), EGDMA and

o,
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TRIM are shown in Figure 2.

Figure 2 Structures of a) 17p-estradiol, b) bisphenol A, c) ethyleneglycol dimethacrylate and
d) trimethylolpropane trimethacrylate.

1.2.4 Porogens

Porogens are the solvent of used in the polymerization, which are responsible to dissolve all the
templates, functional monomers and cross-linkers in the same phase. Besides, the polymerization
solvents create the pores in the polymer reaching a macro-porous morphology. For all above
mentioned reasons, the solvent used in MIP preparations is called porogens. In general

increasing the amount of porogens results in large pores.
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1.2.5 Initiators

In most cases MIP materials are polymerized by a free-radical mechanism. Depending to the
nature of the functional monomers and the templates the polymerization mixture can be initiated
either thermally or through a photochemical reaction. 2,2’-azobisisobutyronitrile (AIBN) is the
most commonly used initiator for methacrylate-base MIP materials. AIBN can be decomposed
in either low temperature by UV radiation or thermally at about 60° C [53]. The preparation of

free radical in AIBN followed by polymerization of MAA shown in Figure 3.
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Figure 3 Polymerization of MAA after decomposition of AIBN te produce a free radical.

1.2.6 Template-monomer interactions
There are different approaches regarding the interaction between the template and the functional
monomer. As the First one, in covalent approach, the polymerization of template and the

functional monomer in the presence of cross-linker results in the formation of covalent bond
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between template and functional monomer. So both removal and binding on templates involves
a chemical cleavage of the bound templates. In addition, the functional groups in the product are
always in associate with template sites, which results in smaller non-specific binding sites and
better imprinting effect. However, the numbers of the templates that adapt to this approach are
very limited. In the second case as non-covalent approach, template and functional monomers
interact weakly through H-Bonding, ion pairing, dipole-dipole and van der waals interactions
[69]. Based on simplicity of this method, it’s widely used. There is no need for preparation of
template-monomer adduct before polymerization. This method can be adopted for a large variety
of the templates. Figure 4 represents a schematic preparation of MIP particles using non-

covalent approach.
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Figure 4 Schematic preparation of MIP particles.

1.3 Capillary electrophoresis

The electrophoresis is the movement of sample ions or any charged species under the influence

of an applied voltage. The ion will move towards the appropriate electrode and pass through a
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detector. The principal components are the high-voltage power supply, a capillary that passes
through the optical center of the detection system. The capillary is first filled with the required
buffer solution. Sample solution (typically 1-20 nL) is then introduced at the end of the capillary
away from the detector, which in normal polarity is close to the anode. Both ends of capillary
then dipped into reservoirs containing high-voltage electrodes and the buffer solution. Electrodes
are composed of an inert material, such as platinum. Applying of voltage (typically 10-30 kV)
across the capillary causes electrphoretic and electroosmotic movement, resulting in the charged
species in the sample moving along the capillary and passing through the online detector. A

typical instrument setup is shown in Figure 5.

Data acquisition
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Buffer reservoirs
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Figure § Typical instrumental set up of capillary electrophoresis.
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1.3.1 Electophoretic mobility

When an electric field (E) is applied on a charged ion/species (q) the force on the species will be
equal to gqE. In the other side in the solution the retarding frictional force is f.uep, where ugp is the
electrophoretic velocity of the charged species and f is the frictional coefficient. Then as
accelerating force equals to the frictional force, the species quickly reaches to the steady speed.
qE = fuep

S Uegp= (q/f) E = pepE Equation 1

Electrophoretic mobility (uep) is a constant of proportionality between the speed of the charged

species and the strength of electric field.

1.3.2 Electroosmotic flow

The inner capillary walls are covered with silanol (Si-OH), which in any pH higher than ~2 are
negatively charged (Si-O"). The fixed negative charged on the inner wall and the excess cation
near the wall results on a double layer (Figure 6). A tightly adsorbed layer of the cations
neutralizes partially the walls negative charges and the remaining negative charges of capillary is
neutralized by mobile cations that are in diffuse part of the double layer in the solution near the
wall.

In an electric field, cations are attracted towards the cathode while anions are pulled towards the
anode. The excess cations in the diffuse part of double layer instruct the net momentum towards
the cathode, which is called electrophoresis. The constant of proportionality between
electroosmotic velocity (ueo)vand applied electric field is called electroosmotic mobility (peo).

Ueo = Heo E Equation 2

Fixed negative charge of inner wall
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Figure 6 The double-layer charge distribution at a negatively charged capillary wall leading to a generation of EOF,

90000000000
@ @

1.3.3 Apparent mobility
Mobility or apparent mobility of a species is known as the summation of electrophoretic mobility
of the species and electroosmotic mobility of the solution.

Mapp = Hep t+ Heo Equation 3

The apparent mobility of a species is the net speed of the species divided by the electric field.

Mapp Unet / E = (La/t) / (V/LY) Equation 4
Where Lg: length of capillary to the detector

Li: Total length of capillary

t: migration time
Electroosmotic flow of is calculated by adding a neutral solute that is detectable by the CE
detector, and then its migration time (tnewra)) is measured.

Meo = Uneutral / E = (Lo/ tacutra) / (V/Ly) Equation S
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Then the electrophoretic mobility of an analyte can be calculated by subtracting the

electroosmotic mobility of solution from the apparent mobility of the analyte.

MCP = Happ = Meo Equation 6
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2.1 Synthesis and properties of MIP and NIP particles

2.1.1 Preparation of MIP and NIP submicron particles

2.1.1.1 Reagents

17B-Estradiol (E2) and Triethylamine (TEA) were purchased from Sigma (St. Louis, MO, USA);
acetonitrile was HPLC-grade solvent obtained from Fisher (Ottawa, ON, Canada); 2,2’-
azobisisobutyronitrile (AIBN) was bought from Pfaltz & Bauer (Waterbury, CT, USA); acetone
was spectro grade solvent obtained from Caledon (Georgetown, ON, Canada); methacrylic acid
(MAA), ethylene glycol dimethacrylate (EGDMA) and trimethylolpropane trimethacrylate

(TRIM) were purchased from Aldrich (St. Louis, MO, USA).

2.1.1.2 Instrumentation
HPLC analysis were carried out using a system with a solvent pump (Shimadzu LC-6A, Kyoto,
Japan), injector valve (Valco Cheminert VIGI C2XL, Houston, TX, USA) equipped with a
sample loop (20 pL), column (Keystone Scientific Nucleosil C18, 3 um, 150x2 mm, State
College, Pennsylvania, USA), fluorescence detector (Perkin-Elmer LC 240, Boston, MA, USA),
and data acquisition system (Baseline Chromatography N2000, Tianjin, China).

Particles were imaged using a tungsten-filament, variable pressure SEM, (Tescan Vega II,
XMU, Cranberry Twp., PA) at an accelerating voltage of 10-20 kV. The dynamic diameters of
particles were measured by a particle size analyzer (Brookhaven Instruments nano-DLS,

Holtsville, NY, USA) based on DLS.
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2.1.1.3 Polymerization Method

The initial procedure for synthesis of MIP particles (MIP-E) was based on a previously
established method [70], besides different MIPs using another cross-linker (TRIM) and various
mole ratios between functional monomer and cross-linker were prepared as listed in Table 1.

The template molecule, E2, was added to a mixture of porogen solvent
(acetone/acetonitrile, 1:3 v/v) and functional monomer (MAA). After mixtures were ultra
sonicated for 3 min, cross-linker (either EGDMA or TRIM) was added. The initiator (AIBN)
was next added to the mixture. After 5 min of sonication followed by 5 min of degassing by
purging with nitrogen, the solution was sealed and left in a hot water bath at 60°C for 24 hours.
Non-imprinted polymer (NIP) particles were prepared similarly, in the absence of the template

molecules.

Table 1 Composition of pre-polymerization mixture for the synthesis of molecularly imprinted polymers, specifically for
E2.

Polymer Template molecule Functional Cross-linker Mole ratio
monomer

MIP-E E2 MAA EGDMA 1:8:6.7
NIP-E - MAA EGDMA 0:8:8.7
MIP-T4 E2 MAA TRIM 1:8:4
NIP-T4 - MAA TRIM 0:84
MIP-T7 E2 MAA TRIM 1:8:7
NIP-T7 - MAA TRIM 0:8:7
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2.1.1.4 Template bleeding

5.0 mg of MIP-T4 and MIP-T7 particles (before removal of the template) were placed in six 1.5-
mL centrifuge micro tubes. 1 mL of six different concentrations of E2 (0.0-1.0 pg/mL) was
added to each of the micro tubes. After 30 seconds of sonication, the homogenous mixtures were
inc1\1bated for 2 minutes. Then they were centrifuged, and the supernatant were collected for
analytical determination of E2 using HPLC-FD [60]. The mobile phase (1:1:2 v/iv

acetonitrile/methanol/water) was pumped at a flow rate of 0.4 mL/min. Fluorescence detection of

E2 was performed at optimal excitation and emission wavelengths of 220 nm and 310 nm.

2.1.1.5 Template removal

Polymerization products were centrifuged at 10,000 rpm for 10 min and supernatant discarded.
Both MIP and NIP particles were rinsed 3 times with an aliquot of 5 mL acetonitrile and then
samples were dried in the oven at 50°C for overnight. To remove the template, 100 mg of dry
MIP particles were placed intoa 2-mL micro tube and 1mL of 5% triethylamine (TEA) in
methanol was added on to the sample. After sonication for 5 min the obtained homogenous
suspension was centrifuged for 5 min and supernatants were discarded. MIP particles were
washed 6-8 times and after the fifth wash the supernatants were collected for HPLC-FD analysis
as a control for template removal. After the removal of template was succeeded the MIP
particles were rinsed three times with an aliquot of 1 mL acetonitrile for removal of potential
TEA remained in the particles, residing in cavities and pores. At last, after drying the particles in

the oven, they manually crushed as they clump together during drying process.
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2.1.2 MIP and NIP particles morphology and size

Different types of MIP and NIP particles were deposited onto individual carbon tape cartridges,
and coated with less than 5 nm of gold using a RF sputter (Anatech Hummer, Union City, CA,
USA). Particles were imaged using a tungsten-filament, variable pressure SEM, (Tescan Vega
II, XMU, Cranberry Twp., PA, USA) with an accelerating voltage of 10-20 kV. The dynamic
diameters of particles were measured, based on DLS, by a particle size analyzer (Brookhaven
Instrument nano-DLS, Holtsville, NY, USA). For éccuracy, 7 different aliquots of 0.01 pg/mL
particles were analyzed and the dynamic diameter of each aliquot was measured in 10 replicates

of 30 seconds.

2.1.3 Batch binding experiments
Binding capacities and efficiencies of the different types of MIP and NIP particles were
evaluated. Also the minimal amount of particles for best binding efficiencies was determined

through the following experiments.

2.1.3.1 Binding capacity

Different aqueous solutions of E2 varying from 1-10 pg/mL were prepared in DDW. A 2-mL
aliquot of each solution was added to 0.5 mg of different MIP and NIP particles. After 1 minute
of sonication, the homogenous mixtures were incubated for 15 hours. Then they were
centrifuged, and the supernatant were collected for analytical determination of remaining E2 (Cy)
using HPLC-FD. The amounts of bound E2 (n) were calculated by subtracting Cs from the initial

E2 concentrations. Then the ratios of bound E2 to the remaining E2 (n/Cs) versus bound E2 (n)
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were plotted, and the association constant and binding capacity were determined from the slope

and intercept of the plot respectively.

2.1.3.2 Binding isotherm

Different amount of MIP particles (0.2-20 mg) were placed in 1.5-mL polypropylene centrifuge
micro tubes. An aliquot of 1 mL aqueous E2 solution (0.1 pg/mL) was added to each micro tube.
To obtain a homogenous suspension the mixture was sonicated for 30 s. After incubation for 2
min, the mixture was centrifuged at 10,000 rpm for 1 min. Concentrations of remaining E2 in
the supernatant were measured by HPLC-FD analysis. The amounts of remaining E2 after
- binding on different types of MIP particles were calculated. The experimentally obtained data

were plotted versus masses of MIP particles.

2.1.3.3 Binding efficiency

A 20.0 mg of MIP particles cross-linked by EGDMA (MIP-E) were placed in 1.5-mL
polypropylene centrifuge microtubes. An aliquot of 1 mL of aqueous E2 solution (0.1-1.0
ug/mL) was added to each microtube. The mixture was sonicated for 30 s to obtain a
homogenous suspension. After incubation for 2 min, 15 min or 1 hr, the mixture was centrifuged
at 10,000 rpm for 1 min. The supernatant was collected for HPLC-FD analysis to determine the
concentration of remaining E2. The related peak areas of remaining E2 were plotted versus
initial E2 concentration in comparison with areas of E2 before binding on MIP particles to
visualizing the binding properties of particles on E2. Binding % of E2 on particles was
calculated using (Eq. 7). Binding % of E2 on MIP-E after 2 and 15 minutes were plotted for

comparison to each other.

36



%Binding= 100(n / initial [E2]) Equation 7
Where n = Bound [E2]

As the preliminary results, showed a great efficiency after 2 min incubation, same experiments
were carried out using 0.5 mg of MIP-E.

In the other experiment, binding efficiencies of different MIP and NIP particles, cross-
linked by various ratios of TRIM (MIP-T4 and MIP-T7) were deliberate. The 0.5 and 5.0 mg of
particles was placed in series of microtubes and a 1 mL volume of different concentrations of E2
was added to each vial. Then after 2 minutes of the incubation vials were centrifuged at 10,000
rpm and supernatant were tested for remaining E2. At the end, binding efficiencies of particles

were plotted versus the initial concentrations of E2.

2.1.4 Leakage of bound E2

A 5.0 mg of MIP-T4 or MIP-T7 was placed in 1.5-mL microtubes. An aliquot of 1 mL various
concentrations of E2 (0.2- 10 pg/mL) was added to each vial. The mixtures were sonicated for
30 seconds. After 5 minutes of incubation, the supernatant samples were analyzed by HPLC-FD
for determination of remaining E2. Bound E2 were determined by subtracting the remaining E2
from initial concentration of E2. Next, 1 mL of pure water was added to each vial containing
MIP-T4 or MIP-T7 particles. The mixtures were incubated for 2 and 6 hours. After sonication,

the supernatants were analyzed by HPLC-FD for determination of any leaking E2.
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2.2 Capillary Electrophoresis for characterization of MIP and NIP particles

2.2.1 Separation of MIP and NIP particles using CE

Individual 1.0-mg/mL mixtures of different types of MIP or corresponding NIP particles in the
CE buffer solution were prepared. The mixtures were sonicated for 30 s to obtain a homogenous
sample. After preconditioning the CE instrument, individual mixture was injected for 1 second
by introducing 0.5-psi nitrogen gas on the surface of the vial-containing sample (hydrodynamic
injection). Besides, to introduce the mixture of MIP and corresponding NIP particles, a 2.0
mg/mL of MIP and NIP particles in buffer solution were prepared and after sonication for 30
seconds, a 1:1 (v/v) mixture of MIP and NIP particles were introduced to CE instrument for

further separation.

2.2.1.1 Reagents

Boric acid was purchased from Fisher Scientific (Ottawa, ON, Canada); BPA and mesityle oxide
were purchased from Sigma (St. Louis, MO, USA); EOTrol™ (3% w/v) dynamic coating was
obtained from Target Discovery (Palo Alto, CA, USA). For preparation of all solutions, distilled
deionized water (DDW) (18 MQ.cm) was used. Different concentration of borate buffers were
prepared by dissolving an appropriate amount of boric acid, then pH was adjusted using 0.1 or 1
M NaOH solutions, and the mixture was diluted to 100 mL in a volumetric flask. A background
electrolyte (BGE) containing 0.005% w/v EOTrol™ LN was prepared by dissolving 25 pL
of EOTrol™ LN (3% w/v) in 15 mL of 50 mM borate buffer (pH 8.5). All prepared BGE was
filtered through an Acrodisc® PSF syringe filter with 0.2 um porosity Supor® membrane (Pall

PES, East Hills, NY, USA).
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2.2.1.2 Instrumentation

All CE experiments were performed using a Beckman P/ACE System 2100 (Fullerton, CA,
USA), which was equipped with a liquid-cooling system and a UV detector. The operation
system was controlled by a personal computer through the Gold software. The Polymicro
Technologies (Phoenix, Az. USA) capillaries with inner and outer diameters of 100 and 364 um
respectively, and a total length of 68 cm (61 cm to the detector) were used. The temperature of

the capillary cartridge was set at 25.0+0.1°C for all experiments.

2.2.1.3 Capillary treatment procedure

A previously developed method was applied for preconditioning of capillary before initial use
and daily use [71]. Prior to initial use, the capillary was sequentially rinsed with methanol (5
min), water (2 min), I M HCl (§ min), water (2 min), 1 M NaOH (10 min), water (2 min) and
BGE (20 min). At the beginning of each day, the capillary was washed with 1 M NaOH (5 min),
water (2 min), BGE (20 min) and finally it was electro-conditioned by applying a voltage of 30
kV for 15 min. Before injection of each sample, the capillary was rinsed with 0.1 M NaOH (1
min), water (1 min) and BGE (2 min). At the end of the day, a final washing with 1 M NaOH (1
min) followed by water (1 min) was performed while both ends of capillary were left in the
DDW vial for the night. In case of leaving capillary for a longer period of time after rinsing with
DDW, capillary were rinsed with methano! and then nitrogen gas were blown in the capillary in

the reverse direction for a minute and then capillary were stored for the next run.
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2.2.2 Addition of capillary modifier and separation of MIP and NIP particles

The individual 1.0-mg/mL mixture of different types of MIP or corresponding NIP particles in
the CE buffer solution in the absence of any modifier were prepared (50 mM borate buffer
pH=8.5). The mixtures were sonicated for 30 s to obtain a homogenous sample. After
preconditioning the CE instrument individual mixture was injected for 1 second by introducing
0.5-psi nitrogen gas on the surface of the vial-containing sample (hydrodynamic injection).
Besides, to introduce the mixture of MIP and corresponding NIP particles, a 2.0 mg/mL of MIP
and NIP particles in buffer solution were prepared and after sonication for 30 seconds, a 1:1 (v/v)
mixture of MIP and NIP particles were introduced to CE instrument for further separation. The
CE electropherograms of individual MIP or NIP and the mixtures of MIP and NIP particles were
obtained by using 50 mM borate buffer pH=8.5, containing 0.005% EOTroL™ LN and detected

at 214 nm.

2.2.3 Kinetic study of NIP particles binding with bisphenol A

A suspension of 2.0 mg /mL of NIP-T4 or NIP-T7 particles iﬁ BGE (50 mM borate buffer, pH
9.2) was prepared and sonicated for 30 s to obtain homogeneity. A 40-ug/mL solution of BPA
in BGE was also prepared. To obtain a mixture of 1 mg/mL of particles in 20 pg/mL BPA, a 1:1
mixture of the particle suspension and 40-ug/ml. BPA solutions was vortexed efficiently at the
maximum speed for 5 s. After incubation for 20-120 s, the mixture was injected immediately for
CE analysis to determine the concentration of remaining BPA after non-specific binding with

NIP particles.
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2.2.4 Selectivity of particles using CE

2.2.4.1 Selectivity of MIP-T4 particles on E2 in presence of BPA

The suspension of 2.0 mg /mL MIP-T4 or NIP-T4 particles in BGE (50 mM borate buffer, pH
9.2) were prepared. Then the mixtures were sonicated for30 s to obtain homogeneity. A fresh
mixture of 1.0 mg/mL of particles in the solutions of 20 pg/ml. BPA containing a variety of E2
solutions (0,1,2,5,8 and 12 pg/ml) were prepared. After efficiently mixing, using vortex for 5
seconds, mixtures were introduced to the CE through a 9 s electrokinetic injection at 10 kV. In
the other set of the experiment, mixture of particles and various concentration of BPA, which
were equal to summation of concentrations of BPA and E2, (20,21,22, 25,28 and 32 pg/ml.) were
prepared. Particles were incubated into the solution for 20 s while the time were monitored
and controlled. Separation voltage of 20 kV was applied and the BPA was detected at 214 nm.
The CE peak areas of the BPA in the characteristic migration time were plotted versus

concentration of added E2.

2.2.4.2 Selectivity of MIP-T7 particles on E2 in presence of BPA
The same experiments as 2.2.4.1 were repeated on MIP-T7 and NIP-T7 for comparison of their

selectivity characteristics.

2.2.4.3 Non-specific binding of BPA on MIP-T4 and MIP-T7 after binding with E2
The suspension of 2.0 mg /mL, MIP-T4 or MIP-T7 particles in BGE (50 mM borate buffer, pH -
9.2) were prepared and sonicated for 30 s to attain a homogeneous mixture. Then to obtain the

final required concentration of E2, 10uL of various concentrations of E2 in methanol were added
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to the particles. Next, after incubation of the mixture for 20 s, 260 pL of the 40 pg/mL BPA was
added to the mixture of MIP particles and E2. Finally, after 20 s of incubation, mixture was

introduced to the CE. All above steps are summarized in the Table 2.

Table 2 Sample preparation for characterization of binding mechanisms of MIP particles.

Step 1 Step 2 Step 3
Relative concentration to the  V of 2 mg/mL particles Added E2 V of (40 yg/mL) BPA
1mg/mL of particles (uL)
E2 (ug/mL) BPA (ug/mL) V(ulL) C (ug/mL)
0 20 260 0 260
1 20 250 10 25 260
2 20 250 10 50 260
4 20 250 10 100 260
5 20 250 10 125 260
6 20 250 10 150 260
8 20 250 10 200 260
10 20 250 10 250 260
12 20 250 10 300 260

2.2.4.4 Binding competition of E2 and BPA on MIP-T4 and MIP-T7 particles

The suspension of 2.0 mg/ml., MIP-T4 or MIP-T7 particles in BGE (50 mM borate buffer, pH
9.2) were prepared and sonicated for 30 s to obtain a homogeneous mixture. Then 250 pL of
suspended particles were placed into the 2-mL glass vial and 250 pL. of 40 ug/mL BPA was
added into the vial. Mixtures were vortexed for 5 s in maximum speed. After incubation for 20
seconds, 10 pL of different concentration of E2 in methanol (as presented in Table 3) were
added. Next, after another 20 seconds of incubation mixture was introduced to the CE through 9
seconds of electrokinetic injection at 10 kV. CE electropherograms were obtained, using the

same BGE by applying separation voltage of 20 kV and detected at 214 nm.
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Table 3 Sample preparation for binding competition of E2 and BPA on MIP particles.

Step 1 Step 2 Step 3
Relative concentration to the  V of 2 mg/mL particles  V of (40 pg/mL) BPA  Added E2
1mg/mL of particies (uL)
BPA (ug/mL) E2 (ug/mL) V (uL) C (pg/mL)
20 0 250 250 0
20 1 250 250 10 51
20 2 250 250 10 102
20 4 250 250 10 204
20 5 250 250 10 255
20 6 250 250 10 306
20 8 250 250 10 408
20 10 250 250 10 510
20 12 250 250 10 612
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CHAPTER 111

RESULTS AND DISCUSSIONS
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3.1 Synthesis and properties of MIP and NIP particles

MIPs were traditionally synthesized by bulk polymerization methods in a porogenic solvent. A
number of studies have shown that separation of target molecules achieved by bulk MIPs in
SPE [72-75]. Even though bulk polymerization is truly simple, grinding and sieving are required
to achieve the desired particle size. This is a labor intensive and wasteful process, and result in a
broad size distribution, which limited their application in binding assays. Moreover, although
porosity can be controlled by the monomer concentration, pore size distribution reduces the
availability of analyte molecules to the binding sites. That is where polymerization of sub-
micron particles is beneficial. To obtain spherical particles with diameters ranging from 0.1 to
1.0 um, the precipitation technique has been applied for a variety of applications such as binding

assay and capillary electrophoresis [76-79].

3.1.1 Preparation of MIP and NIP submicron particles
Different types of MIPs have been developed, using various functional monomers and cross-
linkers with different mole ratios between, cross-linker and functional monomer to prepare either
bulk polymer or spherical particles [77,80-82]. In addition, it was reported that, to decrease
nonspecific binding on MIP particles, an excess amount of E2 molecules in polymerization
would be helpful. Furthermore, fewer available cross-linkers would be used for preparation of
particles, in contrast to bulk polymerization, which typically uses a large mole ratio of cross-
linker to functional monomer [83].

In this research, three different MIP particles for E2 and corresponding NIP particles as
control were synthesized. The use of MAA as the functional monomer was related to the

fact that its carboxylic group can act as a proton donor, as well as a hydrogen bond acceptor. In
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addition, MAA was suitable for template such as E2 containing Bronsted-basic or hydrogen
bonding, depending to the situation. The cross-linkers stabilized the template-functional
monomer complex in the polymerization process, therefore, formulated 3-dimensional binding
cavities, which were available for binding with the target after removal of template. Moreover,
the contribution of the cross-linker to molecular imprinting is mostly related to its ability to
provide enough binding site accessibility and rapid mass transfer. EGDMA and TRIM
with respectively two and three vinyl group were provided adequate mechanical and thermal
stability for the MIP particles. Additionally EGDMA and TRIM were preferred as cross-linker
for synthesizing MIP particles, as they provided sufficient wettability in most binding media,
which is essential for their application in binding assays. Initially, MIP particles were prepared
based on an established procedure that employed EGDMA as the cross-linker (MIP-E) {70]. The
original choice of 1:8:6.7 was demonstrated on the great binding capacity in bulk polymer by
choosing MAA as functional monomer and EGDMA as cross linker in the mole ratio of 1:8:25
and also in other report 1:7:12.5 for spherical particles synthesized by multi-step swelling
polymerization procedure [81,84]. In addition, a previous study showed to obtain high binding
specificity for MIPs templated with E2, a mole ratio of functional monomer to cross-linker in the
range of 1.0:1 up to 2.3:1 was optimum [77]. An access of functional monomer in comparison to
the template was used to ensure the formation of the template-functional monomer complex.
To synthesize all three types of MIP particles, volumes of porogen were chosen as 40 mL, which
were essential for preparation of monodispersed spheres (monomer content <11 vol% in the pre-
polymerization solution) [85]. Therefore, for the preparation of these submicron particles,
the polymerization process was started from a diluted homogeneous monomer solution. This

dilution ensured that as much of the functional monomer in comparison with the template as
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possible were available. In the other side, it warranted as little of the cross-linker for each mole
of functional monomer as possible were available. These two limited availabilities can enhance
the selectivity of product to the template. Furthermore, the less amounts of cross-linker were in
contrast to the possible bulk polymerization. These particles were used for further study on
binding properties in aqueous solution, and to develop a procedure for the characterization of
particles using CE. Due to their small size and spherical shape, sub-micron particles are
potentially suitable for characterization study by CE. MIP particles cross-linked with
TRIM were synthesized in two mole ratios to obtain MIP particles (MIP-T4 and MIP-T7) in
smaller diameters and ideally better binding performance. Moreover, the effect of less
availability of cross-linker to functional monomer on the selectivity was studied. The result in
the following chapters has been proven that the cross-linker may provide part of the binding site
functionality to the imprinting, which overall showed in the MIP cross-linked with TRIM in
a mole ratio of 1:8:7 resulted in smaller size, better selectivity, larger specific binding affinity
and imprinting factor. All three types (E, T4 and T7) of MIP particles, and the corresponding
NIP particles, were dispersed uniformly as a suspension in aqueous solution. But as in general,
smaller MIP particles (<500 nm) were obtained; it could keep particles in suspension better so
MIP particles cross-linked with TRIM are preferable for binding assay.

Bleeding of template from MIP-T7 and MIP-T4 particles before removal of template in the
presence of various concentrations of E2 were examined. The resultsin Figure 7, reflected

that significant amounts of E2 were bled to total concentration of 0.8+£0.2 pg/mL. This could

indicate the non-specific binding of the particles, which were in equilibrium with template
bleeding. Besides the constant final concentration of E2, could be related to limited solubility of

E2 in the aqueous solution.
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Figure 7 Bleeding template in MIP-T7 (@) and MIP-T4 (@) particles before removal of template.

The bled template in the solution could directly influence the detection limits of target analyte in
case of using these particles as pre-concentration agent for trace analysis of E2. In addition, it
could effect in the results of binding characterization of MIP particle by incomplete removal of
E2 molecules. One solution to overcome these types of problem was suggested as the
replacement of template with a structural analog to the analyte [65, 86]. However, it is difficult
to obtain such an analog for all templates, and although it could solve the influence of the
detection of target analyte but before removal of template the available binding cavity would be
so limited.

Therefore at the moment, the partial method to solve the problem is to increase the

efficiency of removal of template to reduce the amount of bleeding to the lowest possible level.
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Several extraction methods, such as Soxhlet extraction (SE) [87], washing on-line and solid
phase extraction were often reported [88].
In this work, in order to interrupt binding between E2 and MIP particles, TEA with pk, of
10.7 were selected as one of the strongest organic bases. Various concentrations of TEA (3-
10%) in the methanol and mixture of methanolAand DDW (1:10 and 1:40 V/V) were applied for
removal of template from MIPs. Due to limited solubility of E2 in aqueous solution up to
(~15 pug/mL) addition of DDW to the solution was not favorable. The 5% TEA in the methanol
- was resulted in quantitative removal of template after 6-8 times of washing with the solution.
Supernatant of fifth wash were tested by HPLC-FD for quantification of possible remaining E2.
After approval of no further bleeding of the template molecules, TEA were removed by
acetonitrile leaving the cavity free, for further binding applications. In comparison with soxhlet

extraction, this technique was quicker and easier to obtain.

3.1.2 MIP and NIP particles size

Molecularly imprinted polymer’s size was assessed with scanning electron microscopy (SEM).
SEM examination of MIP and NIP particles cross-linked with EGDMA (MIP-E, NIP-E) showed
an average size of 0.6+0.1 and 0.4+0.1 um respectively (Figure 8). Their dynamic diameter, as

measured by a Nano-DLS particle size analyzer, was to be 578+23 nm (Figure 9).
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Figure 8 SEM image of a) MIP-E, b) NIP-E, magnification of 35 kX, acceleration voltage 20 kV.
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Figure 9 Typical effective size distribution of MIP-E particles obtained by nano- DLS particle size analyzer.

In using TRIM as a 3-dimensional cross-linker instead of EGDMA, two different mole ratios,
were applied. Both the SEM images and DLS results showed a smaller diameter (size) for these
MIP particles and corresponding NIP particles (Figure 10). This could be caused by tightly
cross-linked 3-dimensional structure {67]. However, by applying a mole ratio of functional
monomer to cross-linker as 8:7, smaller MIP particles were obtained resulting in a larger specific
surface area. Hence, it was concluded that a 1:1 mole ratio for high binding specificity, which

was previously reported by Ye et al. [77], is more favorable.
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Figure 10 SEM images of (a) MIP-T7, (b) NIP-T7, (c) MIP-T4, and (d) NIP-T4. Magnification of 35 kXwas afforded by
acceleration voltage of 20 kV.

Diameters of all types of MIP and NIP particles, as characterized by Nano-DLS particle size

analyzer, are reported in Table 4.

Table 4 Diameters of different synthesized polymer obtained with DLS and SEM.

Polymer  Dynamic diameter obtained by DLS (nm) Diameter obtained SEM (um)
MIP-E 578223 0.6+0.1
NIP-E 366+8 0.4:0.1
MIP-T4  333:2 0.4+0.1
NIP-T4 352+4 0.3+0.1
MIP-T7 2824 0.3+0.1
NIP-T7 288+6 0.3+0.1
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3.1.3 Batch binding experiment

After preparation of different types of MIP and NIP particles, the binding properties of these
particles were evaluated during batch binding experiments for characterization of binding
capacity, binding efficiency, association constant and imprinting effect. Characterizing the
binding properties of MIP particles is an essential factor towards improving the synthesis and
application of these particles. Batch binding studies are characterization systems provided first
understanding into the binding properties of the MIP particles. Scatchard plot is the most
common approach for estimating the binding parameters of MIP particles in comparison with its
corresponding NIP particles, which explains a linear relationship of particles in two high

affinities, and low affinity region for the particles binding parameters [89].

3.1.3.1 Binding capacity

Typically, there are two types of high affinity and low affinity binding sites in MIP particles,
which their binding parameters were assessed by Scatchard analysis. Equilibrium binding
experiments for measuring the binding capacities of the different MIP and NIP particles were
carried out by varying the E2 concentration from 1 to 10 pg/mL in DDW containing a fixed
amount of particles (0.25mg/mL). The obtained data were plotted according to the Scatchard
equation (Eq. 8) to determine the association constant (K,) and the number of accessible sites
(B) [89].

n/Ce= (B-n) K, Equation 8
Where n is bound E2 and Csis the free E2.
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A plot of the ratios of bound E2 to the free E2 (n/Cy) versus (n) at a fixed amount of particles is

shown in Figure 11.
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Figure 11 Scatchard plots for determination of binding properties of MIP-E () and N1P-E (#).

The plots are not linear, indicating that the binding sites in all types of MIP particles (MIP-T7,
MIP-T4 and MIP-E) are heterogeneous concerning their affinity with E2. The two distinct
sections in the plot indicate two classes of binding sites. The higher affinity binding sites
(specific binding sites) of MIP-T7 particles can be characterized as K, = 4.6x10° M and
B=43+8 pumol/g, from the slope and the intercept respectively (Figure 12). Similarly, the lower

affinity binding sites (non-specific binding sites) have K, =2.3x10° M and B = 10510 pmol/g,
resulting in a maximum binding capacity (Bmax) of 150£15 pumol/g for MIP-T7. In comparison,

the K, and B values for the non-specific binding sites of NIP-T7 particles were assessed to be
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1.2x10° M and 55£9 pmol/g. The imprinting effect, LE.=Bmax (MIP)/Bumax (NIP), can be

calculated 3.0+0.8 for MIP-T7 [90].
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Figure 12 Scatchard plots for determination of binding properties of MIP-T7 (@) and NIP-T7 (®).

After scheming scatchard plot for MIP-T4 (Figure 13) the binding properties of MIP-T4 were
calculated. The scatchard association constants and binding capacities of high-affinity and low-

affinity binding sites for all six types of MIP and NIP particles were summarized in Table 5.

55



400 1
¢

350 1
300 1
250 A

200 -

n/Cf (L/g)

150 A1
100 A

50 A
¢ ¢
0 +—o o 2 s, ® o ¢ & ¢ " .

0 20 40 60 80 100 120 140 160

n (umol/g)

Figure 13 Scatchard plots for determination of binding properties of MIP-T4 (¢) and NIP-T4 (#).

As it is summarized in Table 5, there are large binding capacities for MIP particles cross-linked
with three-dimensional TRIM which were agreed with the previous study on Z-L-Tyr-OH by
Kempe et al [91]. In addition, the large numbers of low affinity (nonspecific) binding sites could
be explained by access quantity of functional monomer, which, were used to ensure the

formation of template-functional complex.
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Table 5 Association constant and binding capacities of high-affinity and low-a affinity binding sites of particles by
scatchard data analysis.

Polymer  Specific Non-specific
Ka (M) B (umolg™) Ka (M) B (umolg™) Imprinting effect

MIP-E 4.4x10°  8:3 6.8x10° 5719 1.8+0.5

NIP-E - 9.8x10° 3718 -

MIP-T4  1.1x10° 3327 3.4x10* 150215 1.2+0.2

NIP-T4 - 2.3x10* 150215 -

MIP-T7  4.6x10°  43:8 2.3x10° 105+10 3.0:0.8

NIP-T7 - 1.2x10° 5529 -

3.1.3.2 Binding isotherm

Binding isotherm of MIP-E particles were examined for determination of the minimum amount
of particles which were required for binding of E2. The binding isotherm obtained from an
initial E2 concentration of 1.0 ng/mL on different amounts of MIP particles. Results in Figure 14
fully illustrated the need for a sufficient amount of MIPs (5-10 mg) to completely remove 1 pg of

the estrogen under thermodynamic equilibrium.
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Figure 14 Determination of optimum amount of MIP-E for binding E2.

3.1.3.3 Binding efficiency

Binding efficiency of different types of MIPs and NIPs in comparison to each other were
examined. As the first experiment binding efficiency of 20 mg MIP-E particles after different
incubation of 2, 15 and 60 minutes ensued a significant binding of 96.0+2.5 % after short

incubation of 2 minutes (Figure 15).
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Figure 15 Binding efficiency of MIP-E after 2 (#), 15 (#) and 60 (®) minutes incubation.

Binding efficiencies of NIP-E in comparison to MIP-E after 2 minutes of incubations in Figure
16 indicated that by using NIP-E as expected, lower binding efficiency of 91.5+5 %
was observed. The difference in the E2 removal efficiency between MIP-E and NIP-E particles

confirmed the small specific binding sites of MIPs comparing to corresponding NIP particles.
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Figure 16 Binding efficiency of 20 mg MIP-E (®) and NIP-E (#) after 2 minutes incubation.

As seen in Figure 17 compared to MIP—E and NIP-E, higher binding efficiencies of
99.0+0.5% and 93.0x1.5 % for MIP-T7 and NIP-T7 were obtained. These particles are smaller

in diameters, which resulted in larger surface area and higher binding efficiencies.
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Figure 17 Binding efficiency of Smg MIP-T7 (#) and NIP-T7 (@) after 2 minutes incubation.

Same experiment for particles cross-linked with smaller mole ratio of TRIM resulted averagely
to the moderate binding efficiencies of 97.5+1.5 % and 96.5+2.0 for MIP-T4 and NIP-T4
particles respectively (Figure 18). The smaH difference in binding efficiencies between MIPs
and NIPs were in agreement to the binding properties of these particles that suggested very small
specific binding sites for MIPs and equal non-specific binding sites for both MIP and NIP
particles. Besides, the result indicated that although there was a larger binding affinity for
specific binding sites, but due to their limited availability and large availability of low affinity
binding sites and also their relatively close affinity, there was not a significant difference in

binding efficiencies of MIP-T4 and NIP-T4 particles.
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Figure 18 Binding efficiency of Smg MIP-T4 (@) and NIP-T4 (&) after 2 minutes incubation.

The amounts of bound E2 on MIP-E particles in same unit of binding capacity (umol/g) were
summarized in Table 6. The results clearly indicated when 20 mg particles were used, the
amounts of bound E2 on the particles were not anywhere close to the specific binding capacities
of particles (7 pmol/g). As previously seen in Figure 15 binding efficiencies of particles were
increased by increasing the initial E2 concentration.

In the other set of an experiment by using 0.5 mg of MIP-E particles, binding efficiencies
of particles were studied. As seen in the Figure 19, by increasing initial concentration of added
E2 to the MIP-E particles, binding efficiencies of E2 decreased. Tables 6, revealed that by
increasing the concentration of E2, the amount of E2 bound on to the particles v;/ere moved

towards the specific binding capacities of the particles. Less availability of specific sites

62



comparing to be widely available non-specific binding sites resulted in binding of target

molecules on non-specific binding sites with the lower association constant.
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Figure 19 Binding efficiency of 0.5mg MIP-E after 2 minutes incubation.

In the other hand when 20 mg of particles were used, increasing binding efficiencies of particles
by increasing the concentration of E2 were described activation beyond the diffusion energy
barrier for binding the target analytes. In the other word by increasing the concentration of E2
there would be more chance of E2 molecule to contact with specific binding sites inside MIP
particles {92]. However, when 0.5 mg of particles were used, by increasing the concentration of

E2, although there is a better chance of E2 to contact with specific binding sites but due to
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limitation of them, E2 was bound on non-specific binding sites resulting in lower binding

efficiencies.

Table 6 Amount of bound E2 per gram of MIP-E particles.

20 mg MIP-E 0.5 mg MIP-E

Initial E2 (pug/mL) Bound E2 (umol/g) Initial E2 (ug/mL) Bound E2 (umol/g)

0.1 0.02 0.1 0.72
0.2 0.03 0.2 1.42
0.4 0.07 0.4 2.74
0.6 0.11 0.6 3.83
0.8 0.15 0.8 4.55
1.0 0.18 1.0 4.80

Amount of bound E2 on 0.5 mg of MIP-T7 and MIP-T4 particles were presented in Table 7.
Smaller amount of bound E2 in comparing to specific binding capacities of MIP-T7 (4328 |
pmol/g) and MIP-T4 (33+7 umol/g) showed that most of E2 molecules was bound on high
affinity binding sites of MIPs resulting in high efficiencies in binding. Figure 20 and 21
indicated that by increasing the E2 concentration, unlike MIP-Es, no decreasing in binding

efficiencies of MIP-T4 and MIP-T7 were observed.
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Table 7 Amount of bound E2 per gram of MIP-T4 and MIP-T7 particles.

Bound E2 on 0.5 mg of MIP-T4 (umol/g) Bound E2 on 0.5 mg of MIP-T7 (umol/g)

0.72 0.72
1.43 1.45
2.88 2.87
433 4.38
5.76 5.77
7.21 7.24
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Figure 20 Binding efficiency of 0.5mg MIP-T7 after 2 minutes incubation.
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Figu.re 21 Binding efficiency of 0.5Smg MIP-T4 after 2 minutes incubation.

After all, differences in binding efficiencies of various MIPs in comparison with corresponding
NIPs (Figure 22-24) showed that MIP particles adsorbed more E2 than NIP particles. The
differences in the E2 removal efficiency between MIP and NIP particles were agreed with

imprinting effect of different types of synthesized polymer listed in Table 3,
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Figure 22 Binding difference of MIP-E (1) and NIP-E ().
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Figure 23 Binding difference of MIP-T7 () and NIP-T7 ().
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Figure 24 Binding difference of MIP-T4 (8 ) and NIP-T4 (§).

3.1.4 Leakage of bound E2

The Results in Table 8 indicated that after 5-minute incubations of various concentrations of E2
(0.2-10 pg/mL), averagely 97+1% of initial E2 were bound on to the different types of MIP-T4
and MIP-T7 particles. The result on leakage of bound E2 in DDW demonstrated that after 2 and

6 hours of incubations no leakage of bound E2 was detected (Figure 25).
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Figure 25 HPLC chromatograms of supernatant after 6 hours incubation of MIP-T4 particles in pure water.

One important aspect in this experiment was the detection limits of E2 which, determined to be
0.05 pg/mL (Figure 26) when Methanol: Acetonitrile: DDW in (1:1:2 v/v) were used as mobile
phase. Observing no leakage could be due to strongly hydrophobic properties of the bound E2.
Although such a characteristic, for example no leakage of E2 molecule after binding on MIPs
was basic, but it is principal precondition for the application of MIP particles as an adsorbent in

water and wastewater’s pre-concentrations and treatment.
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Figure 26 HPLC chromatograms 0.05 pg/mL of E2 in Aqueous solution.

Table 8 Amount of bound and leaked E2 on MIP-T4 and MIP-T7 particles.

Initial E2 Bound E2 on MIP-T4  Leaked E2 Bound E2 on MIP-T7 Leaked E2
_(ug/mL) (1g) (ug/mL) (ug) (ug/mL)
0.2 0.20 n/a 0.19 n/a
0.5 0.49 nfa 0.48 n/a
1.0 0.99 n/a 0.98 n/a
2.5 2.43 n/a 2.43 n/a
5.0 4.77 n/a 4.82 n/a
7.5 7.23 n/a 7.28 n/a
10.0 9.37 n/a 9.65 n/a
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3.2 Capillary Electrophoresis for characterization of MIP and NIP particles
3.2.1 Separation of MIP and NIP particles using CE

CE electropherograms are shown in Figure 27 for individual injections of different types of MIP
and NIP particles. Each sample was a suspension, containing 1 mg of particles in 1 mL of 50
mM borate buffer (pH=8.5). It was introduced via hydrodynamic injection at 0.5 psi for 1 s. All
types of MIP and NIP particles migrated after the neutral marker (mesityl oxide), yielding
negative electrophoretic mobility values. Hence, the particles are negatively charged in the
experimental conditions. As seen in Table 9, the electrophoretic mobility values of MIP and NIP
particles containing TRIM are slightly different. This difference would result to application of
CE on the separation of MIP and NIP particles which by best of our knowledge is obtained for

the first time.

Table 9 Electrophoretic mobilities of MIP and NIP particles before and after addition of dynamic coating modifier.

Particles Hep (M*.V'.87)
Before addition of EOTrol ™ LN After addition of EOTrol ™ LN

MIP-E -2.34 x 10° 3.21x10°®
NIP-E -2.34 x 10° 3.21x 10
MIP-T4 -3.47 x 10° 3.75x 10°®
NIP-T4 -3.84 x 10°® 3.20 x 10°®
MIP-T7 -4.25 x 10 4.15 x 10°®
NIP-T7 -4.81 x 10°® 3.68 x 107
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Figure 27 CE electropherograms of (a) MIP-E, (b) NIP-E, (¢) MIP-T4, (d) NIP-T4, (¢) MIP-T7, (f) NIP-T7 particles, in
50 mM borate buffer (pH=8.5), separation voltage 30 kV; detection, UV at 214 nm.

Different mixtures. of MIP and corresponding NIP particles were prepared in the BGE. Each
mixture was introduced via 1 s of hydrodynamic injection at 0.5 psi. Figure 28 and 29 indicated
that separation of MIP-T4 and MIP-T7 from the corresponding NIP particles were successful.
Discussions in Section 3.2.2.1 will explain that separation of MIP-T4 and NIP-T4 is based on the
difference between their sizes. However, MIP-T7 and NIP-T7 were separated based on their
charges. The smaller diameter of MIP-T4 in comparison with NIP-T4 resulted in a higher
charge-to-size ratio. This pulled the MIP-T4 particles back towards the anode (at the capillary
inlet) more quickly, resulting in a more negative electrophoretic mobility and hence later

migration through the UV detection point (and out of the capillary). To characterize the MIP
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from corresponding NIP particles in Figures 28-29, the mobility value in Table-9 and individual

CE electropherograms in Figure 27 were used as control.
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Figure 28 Separation of MIP-T4 and NIP-T4 by CE in 50 mM borate buffer (pH=8.5).
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Figure 29 Separation of MIP-T7 and NIP-T7 by CE in 50 mM borate buffer (pH=8.5).

As seen in Table 9 there is no difference in electrophoretic mobility of MIP-E and NIP-E.
Although these particles are significantly different in their diameter but there is not any
separation occurred (Figure 30). As it is discussed in Section 3.2.2.1 this could be used as a tool

for prediction of non-specific binding characterization of MIP compared to NIP particles.
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Figure 30 Separation of MIP-E and NIP-E by CE in 50 mM boerate buffer (pH=8.5).

3.2.2 Addition of dynamic capillary modifier and separation of MIP and NIP

particles

EOTrol™ polymer is a line of dynamic coatings which provide unique control over
electroosmotic flow (EOF) in capillary. As claimed by the manufacturer, their effects on EOF
are nearly independent of pH and buffer types. Addition of these polymers at a very low
concentration to the running buffer (or background electrolyte, BGE) can increase, suppress, or

even reverse EOF, in fused silica capillaries (Figure 31) at any buffer pH between 3 and 11.
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Figure 31 Electroosmotic mobility measured for several EOTrol ™ dynamic coatings as a function of buffer pH in CZE.

As seen in Figure 32, the UV absorption properties of different EOTrols™ at a concentration of
1.5 mg/mL in aqueous buffers exhibit no significant absorbance in the near UV region. Their
maximum absorbance was observed at ~210 nm, which was close to the wavelength (214 nm) for
the detection of MIP and NIP particles. To minimize the impact of EOTrol™ absorbance on the
UV detection of MIP and NIP particles, a low concentration of EOTrol™ should be used. As
reported by Dabek er al., in their separation of different isomers of benzoic acids, increasing the
concentration of EOTrol™ LN in the BGE from 0.005% to 0.15% (w/v) yielded no significant
differences in analysis speed and resolution [71]. So an addition of 0.005% EOTrol™ LN to the
50 mM borate buffer (pH=8.5) were chosen to provide an optimal concentration of dynamic

modifier in the BGE.
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Figure 32 UV-VIS spectra of different EOTrol™ dynamic coating modifiers in water.

Three CE electropherograms of 1:1 (w/w) mixtures of MIP and NIP particles, obtained without
addition of dynamic modifier, were discussed in Section 3.2.1. As all MIPs and NIPs migrated
relatively fast (in less than 4 minutes), it was advantageous to control the EOF for a better

separation. Thus the effect of EOTrol™

LN (as a dynamic modifier) on producing a low EOF
(~2x10° m*V''.s! at pH 8.5) in the forward direction (from sample injection inlet to analytes
detection outlet), under normal polarity (anode at inlet and cathode at outlet), for better
separation of MIP and NIP particles was investigated. However, after running CE separation on
different types of MIPs and NIPs for 40 minutes, using BGE containing 0.005% EOTrol™ LN,

no peaks were observed. As discussed in 3.2.1, MIP and NIP particles were negatively charged,

and their negative electrophoretic motilities (jiep) Were apparently faster/higher than the low EOF
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mobility (1eo) in the forward direction. Therefore, papp = peotlep became negative. A negative
apparent mobility (papp) would explain why the CE separation did not detect the MIP and NIP
particles.

Although the EOTrol™ LN was originally designed to lower the EOF in the normal polarity,
reverse polarity was tested in an attempt to solve the separation problem. Reversing the anode
and the cathode allowed the movement of negatively chérged particles towards the detector while
a low cathodic EOF caused slower migration of all particles (Figures 33 and 34) to afford a better

CE separation between MIP and corresponding NIP particles.
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Figure 33 CE electrophoresis of a) MIP-T4 and b) NI1P-T4, in 50 mM borate buffer (pH=_8.5) containing 0.005% w/v
EOTrol™ LN, separation voltage -30 kV; detection, UV at 214 nm.

78



0.018 1
NIP-T7
5
&
g
g b
2 .’ |. 4 ”
2
8
<
MIP-T7
a
_(]) 2 4 6 8 10
-0.002
Time (min)

Figure 34 CE electrophoresis of a) MIP-T7 and b) NIP-T7, in 50 mM borate buffer (pH=8.5) containing 0.005% w/v
EOTrol™ LN, separation voltage -30 kV; detection, UV at 214 nm.

CE separations of different MIP and NIP particles before and after addition of 0.005% EQTrol™
LN are summarized in Table 10. Table 9 above showed that the mobilities of each pair of MIP
and NIP particles, before and after addition of EOTrol™ LN as a dynamic coating modifier, were
close to each other. However, addition of this modifier significantly improved the resolution of

these particles during CE separation.

Table 10 Resolution of separation of MIP and NIP particles before and after addition of dynamic coating modifier.

Particles Resolution
Before addition of EOTrol ™ LN After addition of EOTrol ™ LN
MIP-E and NIP-E n/a n/a
MIP-T4 and NIP-T4 0.9 1.8
NIP-T7 and NIP-T7 0.4 1.3
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3.2.2.1 Characterization of MIP and NIP particles based on the size and charge

As shown in Figure 35, separation of a 1:1 (w/w) mixture of MIP-T4 and NIP-T4 particles was
better after addition of 0.005% (w/v) EOTrol™ LN to the 50 mM borate buffer (pH 8.5). A
study on their binding properties showed that both MIP-T4 and NIP-T4 particles have 150x15
umol/g of nonspecific binding sites. This suggested nearly the same charge density on the
surfaces of these particles. The diameters of MIP-T4 and NIP-T4 particles were determined by
using dynamic light scattering (DLS) to be 333+2 and 35244 nm, respectively. As the charge-to-

size ratio is a major factor in the separation of any species by CE, their separation was achieved

” NIP-T4

probably in a size-dependent manner.
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Figure 35 CE electrophoresis of 1:1 mixture of 1 mg/mL MIP-T4 and NIP-T4 particles, in 50 mM borate buffer (pH=8.5)
containing 0.005% w/v EOTrol™ LN, under separation veltage of -30 kV, using UV detection at 214 nm.
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Separation of MIP-T7 and NIP-T7 particles is presented in the CE electropherogram of Figure
36. The dynamic diameters of MIP-T7 and NIP-T7 particles were measured to be 282+2 nm and
288+6 nm, respectively. As the difference in size between MIPs and NIPs was not significant,
the surface charges on these particles would be dominant. A study of binding properties showed
twice as many binding sites on MIP-T7 as on NIP-T7 (105x10 and 55+9 pmol/g, respectively).
This suggested a higher number of charged binding sites on the surface of MIP-T7 particles,

which could explain their faster migration to result in separation from NIP-T7 particles.
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Figure 36 CE electrophoresis of 1:1 mixture of 1 mg/mL MIP-T7 and NIP-T7, in 50 mM borate buffer (pH=8.5)
containing 0.005% w/v EOTrol™ LN, separation voltage -30 kV; detection, UV at 24 nm.
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3.2.2.2 Nonspecific binding sites of MIP and NIP particles

The classical determination of nonspecific binding sites on the surface of MIPs and NIPs is a
Scatchard plot. This determination is time consuming and requires much chemical and particles.
To quickly compare the nonspecific binding capacities of MIP and NIP particles, information
about the sizes and mobilities of these particles could be useful. Figure 37 shows a typical
electropherogram of a 1:1 (w/w) mixture of MIP-E and NIP-E particles using the BGE
containing 0.005% w/v EOTrol™ LN. Their dynamic diameters were determined to be 578+23
nm and 366+8 nm, respectively, by DLS. Although there was a significant difference in size
between these two types of particles, no CE separation took place, which suggested their equal
charge-to-size ratios. When the diameter of MIP-E particles was 50% larger than that for NIP-E
particles, a larger surface charge density for the MIP-E particles would be proposed. As a result,
a larger nonspecific binding capacity of MIP-E particles was expected. This was confirmed by a
study of the binding properties of MIP-E and NIP-E particles, to be 57+9 and 37+8 pmol/g

respectively (Table 5).
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Figure 37 CE of 1 m]\g/mL MIP-E and 1 mg/mL NIP-E, in 50 mM borate buffer (pH=8.5) containing 0.005% w/v
EOTrol™ LN; separation voltage: -30 kV; UV detection at 24 nm.

3.2.3 Kinetic study of NIP particles binding with bisphenol A

Binding with MIP or NIP particles would require time for diffusion of analyte molecules into the
macroporous polymer matrix of imprinted cavities. To determine the shortest incubation time for
reaching equilibrium, binding with MIPs or NIPs over 2-60 min was studied. Centrifugation
before HPLC-FD analysis of the supernatant, however, did not allow testing of any incubation
time less than 2 minutes. As a result, investigation of alternate methods was essential. Due to
the suitability of theses submicron particle sizes for CE,the kinetics of
nonspecific BPA binding on NIP-T4 and NIP-T7 particles could be investigated without

centrifugation. Figure 38 shows the CE electropherogram of BPA before and after binding on

NIP-T4.
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Figure 38 CE electropherograms of (a) 20 pg/mL BPA, and (b) 1mg/mL of NIP-T4 in 20 pg/mL BPA after 29 s of
incubation.

As shown in Figure 39, the amount of BPA bound non-specifically onto NIP-T4 increased with
time. The bound BPA increased to 52+4% as the incubation time went up to 45 s and beyond.
This indicates that 45 s of incubation were sufficient time to bind BPA with NIP-T4 particles
under equilibrium conditions. The Aequilibrium constant (conditional upon 1 mg/mL of NIP-T4

added) can be expressed as:

[BPA]initial — [BPAleq  %binding 0.54

K'non — specific = [BPAleq = 1= Gebinding  1— 054 12
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Figure 39 % binding of BPA after adding 1 mg/mL NIP-T4 into 20 pg/mL of BPA for 20-120 s.

Non-specific binding of BPA onto NIP-T7 was next tested under the same experimental
conditions as for NIP-T4. The result in Figure 40 indicated that even before 45 s of incubation,
48x4 % of BPA were bound on NIP-T7 at equilibrium. Faster binding of BPA onto NIP-T7, as
compared to NIP-T4, could be explained by the smaller NIP-T7 particles that provided a larger
specific surface area (or surface area per unit mass). The equilibrium constant (conditional upon
1 mg/mL of NIP-T7 added) can be calculated as:

[BPAlinitial — [BPAleq _  %binding 048
[BPAleq " 1-Y%binding  1-048 "

K'non — specific = 0.9

It is important to note that the discussed equilibrium constants are unit less parameter to compare

the non-specific binding of BPA onto the NIP-T4 and NIP-T7 particles and they are not
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comparable with association constant of particles that are calculated for the different types of

MIPs and NIPs using scatchard plots.
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Figure 40 % binding of BPA after adding 1 mg/mL NIP-T7 into 20 pg/mL of BPA for 20-120 s.

Intuitively, the submicron dimension of particles ensured rapid diffusion of BPA molecules
throughout the polymer structure to attain binding equilibrium. It is clearly demonstrated that
electrophoretic separation of the co-injected BPA and NIPs set the lower limit at ~20 s for a
permissible incubation time. This lower limit was dictated by the 15 s required for instrumental
operation to make a new injection of the BPA/NIP particles mixture from a sample vial. There
was no need to remove the particles (by centrifugation or filtration) prior to CE analysis. This is
an advantage which is not afforded by HPLC or LC-MS. Moreover, a significant difference in
mobility between BPA aﬁd NIPs was observed. Such difference guaranteed no overlap between

the two peaks, to ensure accuracy in their area measurements. A later experiment indicated that
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binding BPA over NIP particles had no effect on the mobility of these particles. Hence, these CE

peaks would not overlap with each other. (Figure 41)
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Figure 41 CE electropherograms of NIP-T4 before (—) and after (—) binding with BPA.

3.2.4 Selectivity of particles using CE

3.2.4.1 Selectivity of MIP-T4 particles on E2 in presence of BPA
The selectivity of MIP-T4 particles in comparison with NIP-T4 particles was studied. Binding
efficiencies for a constant amount of BPA, in the presence of various E2 concentrations, on MIP-

T4 and NIP-T4 particles were plotted in Figures 42 and 43.
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Figure 42 Binding efficiency of BPA on MIP-T4 particles in presence of different concentrations of E2. Concentration of
BPA was 20 pg/mL.

The result indicated that, when there was no E2 in the mixture, 30+1 % of BPA (or 271 umol/g)
bound nonspecifically on the MIP-T4. Figure 42 shows the change in binding % of BPA on
MIP-T4 particles for various E2 concentrations. For instance, 1 ug/mL E2 reduces the binding
efficiency to 271 % (or 24x1 umol/g). As observed in Table 5, the specific binding capacity of
MIP-T4 was measured to be 33+7 umol/g. Based on the results summarized in Table 11, it can
be stated that the E2 molecules were first attracted to the high-affinity specific binding sites.
Therefore, BPA subsequently bound nonspecifically on the remaining high-affinity binding sites
and the low-affinity binding sites. (Note that high and low affinities are defined for E2, not for
BPA). When E2 concentration increased to 12 pg/mL, the amount of E2 (44 pmol/g) is larger
than all available specific binding sites of MIP-T4 (33+7 pmol/g). About 33 pmol of E2

molecules saturated the specific binding sites and the remaining E2 (11+£7 pmol) bound onto
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nonspecific binding sites. All BPA molecules had to compete for the low-affinity binding sites,

which resulted in a drop in % binding for BPA.

Table 11 Amounts of bound BPA on MIP-T4 and NIP-T4 particles in presence of E2.

E2 in mixture (ug/mL)

Accessible E2 (umol/g)

MIP-T4

NIP-T4

Bound PBA (umol/g)

0

1

12

0
3.7
7.3
18.4
29.4

44.0

27+1

24+1

191
19+1
18+2
18x1

20+1

As a comparison, the above experiment was repeated using NIP-T4. Figure 43 summarized, that

in the presence of various E2 concentrations, no significant changes in binding efficiencies for

BPA on NIP-T4 particles were observed. The constant binding trend for BPA on NIP-T4

particles, in comparison with MIP-T4, can be explained by the absence of high-affinity (specific)

binding sites on NIP-T4 particles.
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Figure 43 Binding efficiency of BPA on NIP-T4 particles in presence of different concentrations of E2. Concentration of
BPA was 20 pg/mL.

Another experiment was based on the total concentrations for BPA and E2 (mentioned in the
earlier experiment). Increasing amounts of BPA were added to 20 pg/mL BPA, making the
total concentration as high as 32 pg/mL BPA. As seen in Figure 44, despite the increasing
concentration of BPA, the binding efficiency on MIP-T4 (and NIP-T4) particles remained
constant. This could explain that the decrease in binding efficiency of BPA on MIP-T4
particles (in Fig. 41) was due to higher affinity of E2 for these particles during a competitive
binding. In other words, the high concentration of analyte had no effect on diminishing the
binding efficiency (which was governed by the magnitude of 1.2 for K’ non-specific as discussed

on 3.2.3).
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Figure 44 Binding efficiency of BPA MIP-T4 (#) and NIP-T4 (@) in presence of different concentrations of BPA.

3.2.4.2 Selectivity of MIP-T7 particles for E2 in presence of BPA

Selectivity of the MIP-T7 (in comparison to NIP-T7 particles) was tested by determining the
binding efficiency of BPA versus different E2 concentrations. In the absence of E2, the binding
efficiency of BPA on MIP-T7 particles was determined to be 47+1 %, which was approximately
17% higher than BPA on MIP-T4 particles. This could be due to a large number of high-affinity
binding sites on MIP-T7 particles (43+8 umol/g). As seen in Figure 45, when the E2
concentration was increased from 0 up to 5 pg/mL, the binding efficiency of BPA on MIP-T7
particles decreased. However, in the presence of 8 and 12 pg/mL E2, the binding efficiency of
BPA onto the MIP-T7 decreased to a relatively constant 25£2 %. Table 12 shows from Q up to 5

pg/mL E2 (in mixture), the sum of available (or added) E2 and bound BPA is smaller or close to
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specific binding capacity of MIP-T7 particles (43+8 umol/g). This could indicate that both E2
and BPA were attrécted to the high-affinity binding sites in the MIP-T7 particles. As the cavities
are specifically imprinted for E2, the majority of the available E2 were bound onto the high-
affinity sites. The remaining high-affinity binding sites were occupied by BPA. Further on, in
the presence of 8 and 12 pg/mL of E2, the constant binding efficiency of BPA onto the MIP-T7
particles indicated that, as most of the high-affinity binding sites were occupied by E2, BPA were
bound onto the non-specific sites. Based on large availability of non-specific binding sites on
MIP-T7 (105+10 umol/g), constant binding efficiency of BPA were maintained. All of the above
discussion strongly suggests that analytes, target or not, were attracted to the specific binding

sites first,
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Figure 45 Binding efficiency of BPA on MIP-T7 particles in presence of different concentrations of E2.
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Table 12 Amount of bound BPA on MIP-T7 and NIP-T7 particles in presence of E2.

MIP-T7 NIP-T7

E2 in mixture (ug/mL) Available E2 (umol/g)  Bound BPA (umol/g)

0 0 411 411
1 3.7 39+1 43+1
2 7.3 3211 4212
5 18.4 2821 37+4
8 294 23+1 26+15
12 44.0 2212 23119

As seen in Figure 46, the binding efficiency of BPA onto NIP-T7 particles decreased when the
concentration of E2 was increased. Table 12 shows that with the addition of 5 pg/mL of E2 and
higher, the total amount of available E2 and bound BPA exceeded the binding capacities of NIP-
T7 particles (55£9 pumol/g). Asonly a limited number of non-specific binding sites were
available on the NIP-T7 particles, BPA and E2 competed equally and non-selectively for binding
with them, which resulted in a considerable variation of binding % and hence the large error bars.

At the upper limit of each error bar, BPA won over E2, and vice versa at the lower limit.
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Figure 46 Binding efficiency of BPA on NIP-T7 particles in presence of different concentrations of E2.

Upon the addition of BPA (Figure 47), when the concentration of BPA increased, both types of
particles presented the same trend in binding efficiency of BPA because there was no more high-
affinity binding sites available for BPA. Table 13 shows that the amount of BPA bound (onto
the NIP-T7 particles) was nearly limited by the binding capacity (55+9 umol/g).

Overall, the selectivity study on MIPs indicated that both MIP-T4 and MIP-T7 particles were
selective for the target (E2). However, the selectivity study on NIP-T4 and NIP-T7 particles
showed no difference for binding with E2 or BPA. This led us to continue with sequence

addition of BPA and E2 only on MIP particles in the following sections.
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Figure 47 Binding efficiency of BPA on MIP-T7 (¢) and NIP-T7 (®) in presence of different concentrations of BPA.

Table 13 Amount of bound BPA on MIP-T7 and NIP-T7 in presence of different concentrations of BPA.

Concentration of BPA (ug/mL) Bound PBA (umol/g)

MIP-T7 NIP-T7
20 42+2 451
21 43+1 47+2
22 431 48+2
25 49:+1 482
28 5115 501
32 5418 50+3

The binding efficiencies of BPA onto MIP-T4 and MIP-T7 particles were studied after addition

of E2. Various concentrations of E2 were first added to the MIP particles. After 20 seconds,
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BPA was next added to attain a final concentration of 20 pg/mL. The binding efficiency results
of BPA on MIP-T4 particles were plotted (Figure 48). Addition of BPA to the particles in the
absence of E2 (first point) showed a binding efficiency of 491 %. For the second data point,
BPA was added after the MIP-T4 particles had 20 seconds to bind with 1 pg/ml. E2 first. Asa
portion of specific binding sites (3.6 pmol/g) of the particles were occupied strongly by E2, the
next added BPA molecules had to bind non-specifically with both high- and low-affinity binding
sites. After addition of 2 pg/mL E2 solution (for the third data point), most of the BPA
molecules found only low-affinity sites on the MIP-T4 particles to bind with, resulting in

relatively constant binding efficiencies of 31+2 %.
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Figure 48 Binding efficiency of BPA on MIP-T4 particles, 20 seconds after addition of E2 at various concentrations.
Concentration of BPA was 20 pg/mL.
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The binding efficiency results of BPA on MIP-T7 particles are presented in Figure 49. As MIP-
T7 particles have a larger specific binding capacity (43+8 pumol/g) than that of MIP-T4 (337
umol/g). In presence of more concentrations of E2 as a portion of specific binding sites of the
particles were occupied strongly by E2, the next added BPA molecules had to bind non-
specifically with both high- and low-affinity binding sites. This were decreased the binding % of
BPA while the concentration of E2 increased. It is noteworthy that (20 s) after addition of E2 at
various concentrations from 2 to 10 pg/mL, addition of 20 pg/mL BPA next still allowed 31+2 %
binding (of BPA). This means that all available E2 occupied only a small fraction of binding

sites.
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Figure 49 Binding efficiency of BPA on MIP-T7 particles, 20 seconds after addition of E2 at various concentrations.
Concentration of BPA was 20 pg/mL.
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3.2.4.4 Binding competition of E2 and BPA on MIP-T4 and MIP-T7 particles

20 pg/mL of BPA was first introduced onto MIP-T4 and MIP-T7 particles. After 20 s of
incubation, E2 was added at various concentrations to compete for the binding sites. As E2
bound more strongly to the specific sites in MIP-T4 particles the bound BPA molecules had to
give up these sites for 1-2 pg/ml E2, as shown in Figure 50. The binding % of BPA continued
to decrease only slightly while higher concentrations of E2 were added. Apparently, the bound
BPA was able to keep E2 away from the non-specific sites. When 12 pg/ml. E2 was added, the
binding % of BPA decreased significantly to a low value of 15%. One plausible explanation is
that 44 umol/g of E2 was able to force out most of the BPA which saturated the specific binding

sites (33+7 umol/g) of MIP-T4 particles.
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Figure 50 Binding efficiency of BPA (20 pg/mL) on MIP-T4 particles, determined after addition of E2 at various
concentrations to compete for binding sites.
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For MIP-T7 particles, by adding 1 pg/mL of E2, the binding efficiency of BPA decreased (from
64%) to 46%, as shown in Figure 51. Apparently E2 bound more strongly to the specific sites,
forcing the bound BPA molecules to give up these sites. When 2 pg/ml E2 was added, the
binding % of BPA did not decrease further. The large non-specific binding capacity for MIP-T7
particles resulted in a fairly constant binding efficiency of BPA when higher concentrations of
E2 were added (from 2-8 pg/mL). Beyond 8 pg/ml., E2 addition caused the binding % of BPA

to decrease. This means that E2 was able to displace bound BPA from the sites.
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Figure 51 Binding efficiency of BPA (20 pg/mL) on MIP-T7 particles, determined after addition of E2 at various
concentrations to compete for binding sites.
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CHAPTER 1V

CONCLUSIONS
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Conclusions

Extensive monitoring of intake and discharge waters is becoming a routine in water treatment
plants. Cost-effective practices for removal of EDCs in water treatment will require both
knowledgeable development and careful implementation. In the present study, E2 was chosen as
a target molecule to develop an efficient and fast method for pre-concentration of EDCs in water
(and potentially wastewater). For preparation of submicron MIP particles, a one-step
precipitation polymerization method has been applied. Three different types of MIP submicron
particles have been successfully prepared for E2. Using two different cross-linkers (EGDMA
and TRIM) in varying ratios controlled the particle physical and binding properties. A smaller
particle size of 28244 nm was obtained where 1:8:7 mole ratios of template, functional monomer
and 3-dimentional cross-linker (TRIM) were used. Batch binding study is a simple method for
characterization of MIP particles, providing the first insight into their binding properties.
Binding efficiencies of different MIP particles indicated that even after short incubation for 2
minutes, over 90% of E2 was bound. Between all MIP particles, MIP-T7 presented the best
binding efficiency of 99.0+0.7 %.

Leakage of bound E2 from MIP particles into the aqueous solutions could not be
detected, which made them a good sorbent for removal of E2 from water. As a fundamental
investigation, Scatchard analysis gave information with respect to the mechanism of E2
adsorption on MIP particles. There are two types of adsorption sites, high-affinity (specific) sites
and low-affinity (non-specific) sites. The overall experimental results on binding properties

showed that MIP-T7 with specific binding capacity of 43+8 umol/g and smallest diameter of
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282+4 nm with imprinting effect close to 3 offers the best binding performance in comparison to
other types of synthesized MIP.

A simple CE method was developed for the rapid characterization of both MIP and
NIP particles, in contrast to other time-consuming techniques. These merits can be attributed to
the use of BGE (50 mM borate buffer, pH 8.5) with addition of a dynamic modifier
polymer (EOTrol™ LN). The CE separation of three different types of MIPs and NIPs was
based on their charge to size ratios (q/r). Besides, DLS size analyzer, measured r directly.
Hence, CE and DLS can be used as a pair of techniques for fast determination of the charge
density on submicron particles as it’s non-specific binding sites compared to the NIP particles.
These two properties (r and q) were interpreted as related to the non-specific binding sites on
MIP and NIP particles.

Normally, selectivity of MIP particles for different analytes was individually studied. In
this study, the selectivity of these particles for E2 was tested in the presence of BPA as a
competitive molecule. Results on MIP-T4 and MIP-T7 indicated that both types of particles
have a greater selectivity on E2 compared with accessible BPA. Although the selectivity of
MIPs were found to be influenced adversely by the hydrophobic effect. However, the adsorption
capacity of MIP particles was enhanced significantly. Moreover the study on selectivity of MIP
articles indicated that E2 first bind on to the specific binding sites, then after saturation of them
bind onto the non-specific binding sites of MIP particles. Meanwhile if other competition
molecule occupied specific binding sites, as there is higher affinity for E2, they were replaced

them.
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Future work

CE-UV emerges as a promising technique for the study of fast binding kinetics between
polymeric particles and EDCs, such as E2 and BPA, down to a time scale in the order of a few
seconds. The exact binding time is controlled by the relative mobility of particles with respect to
analyte molecules, in two peak profiles. Faster binding kinetics of several seconds can be studied
if the particles and molecules (are made to) carry opposite charges, and thus migrate in opposite
directions. This possibility could open up a new area of research, wherein migration direction is
dictated by a proper choice of BGE composition and pH to manipulate the ionic charge states of
both the particles and analyte molecules. Such experiments are not totally novel in the literature,
but are greatly facilitated by the simple design of CE. Any temperature adjustment is also easy
to make when thermodynamic data become essential to a particular study of environmental

ecology or wastewater treatment.
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