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Abstract
Bisphenol A (BPA) is an estrogen-mimicking chemical that can be selectively extracted
from water using a molecularly imprinted polymer (MIP). However, the presence of nonspecific binding sites has thusfar limited the utility of BPA-MIPs in sensor applications.
This project explored two approaches to reduce or eliminate these sites: Optimizing the
molar ratio of functional monomer (methacrylic acid) to cross-linker (ethylene glycol
dimethacrylate) to template, or partially esterifying the carboxylic acid residues by siteselective chemical modification via treatment with diazomethane. Results show
esterification with diazomethane to be more efficient in blocking non-specific binding
sites than optimization of the template to monomer to crosslinker molar ratio. The
efficiency and selectivity of the diazomethane-treated molecularly imprinted polymer
(TMIP) particles were then compared with those of a commercially available MIP, either
uniformly dispersed in the sample solution or densely packed into a cartridge, for solid
phase extraction. Water and milk samples were spiked with BPA as well as zwitterionic,
negatively and positively charged pharmaceuticals and other compounds for binding
tests. Unlike high performance liquid chromatography, capillary electrophoresis (CE)
demonstrated the ability to analyze milk samples after simple dilution with a background
electrolyte. BPA was easily separated from all milk constituents on the basis of different
electrophoretic mobilities. Repeatedly, CE binding test results demonstrated that the
TMIP afforded greatly improved selectivity over the commercial MIP.
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Chapter 1
Introduction
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1. Introduction
Molecularly imprinted polymers (MIPs) provide analytical chemists with a family
of highly selective sorbents for sample preparation [Martín-Esteban, 2013]. Many novel
applications of MIPs in different formats have been reported for solid phase extraction
[Turiel et al., 2010], stir bar sorptive extraction [Prieto et al., 2010] and magnetic beads
dispersion extraction [Hu et al., 2013]. Targeting bisphenol A (BPA) in solid phase
extraction (SPE) with MIPs is very important due the toxic effects of this compound in
human health [Welshons et al., 2006, Vandenberg et al., 2007]. BPA has been classified
by the US EPA as an endocrine disruptor compound (EDC), which is an exogenous agent
that interferes with the action, binding, elimination, secretion, synthesis or transport of
natural hormones in the body that are responsible for the maintenance of behaviour,
development, homeostasis and reproduction [Vandenberg et al.,2009, Del Olmo et al.
1997]. BPA is also considered a potential factor in the increasing breast cancer rate
among women in Korea [Yang et al., 2009], and it is correlated with obesity among
children and adolescents [Trasande et al., 2012]. In addition, according to a study that
measured BPA exposure of the US population, BPA was identified in 92.6% of
individuals 6 years of age and older, with overall concentrations in urine ranging from 0.4
µg/L to 149 µg/L [Calafat et al., 2008]. In Canada, the Federal Government has classified
BPA as a “toxic substance” and added it to Schedule 1 of the Environmental Protection
Act [Canada Gazette, 2013], thus permitting significant regulation of BPA through its full
life cycle from “research and development, manufacturing, use, storage, transport, and
ultimate disposal or recycling”.
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BPA became popular in the production of many consumer products because it is
inexpensive to manufacture and makes plastic products more durable. BPA is costeffective to manufacture because it is produced from acetone and phenol, which are cosynthesized in the cumene process (Hock process). This large-scale industrial production
method relies on using two cheap materials (benzene and propylene) and converts them
into more valuable materials (acetone and phenol) in the presence of O2 and a radical
initiator [Ueda, 2010; Metrohm USA Ins., 2010] (Scheme 1.1).

OH

H3PO2, O2

+

+

O

OH
+

O

H+ (cat.)
HO

OH

XS

Scheme 1.1 An industrial synthesis of BPA [Ueda, 2010].
BPA is of great concern due to its extensive use in the production of
polycarbonate plastics, which are used as linings for most food and beverage cans, as
additives in different consumer products [Umar et al., 2013], and as dental sealants
[Calafat et al., 2008, Cho et al., 2012]. It is also used widely in the production of
polyvinyl chloride plastics that are used for food packaging [Lau et al., 2000]. Annually,
over three million metric tons of BPA are produced worldwide [Tsai, 2006]. BPA can be
released into different environmental matrices during manufacturing or product disposal
[Shao et al., 2007]. Due to its ability to dissolve in water, BPA has been detected in a
3

number of rivers [Ren et al., 2014] in China [Xue et al., 2005], Germany [Quednow et
al., 2008], Japan [Kashiwada et al., 2002; Kawahata et al., 2004] and Portugal [Rocha et
al., 2013]. It is found in water along with other environmental contaminants such as
pharmaceuticals and personal care products [Daughton, 2004, Stackelberg et al., 2007].
Analytical

methods

for

BPA

determination

include

high-performance

liquid

chromatography (HPLC), gas chromatography (GC), mass spectrometry (MS) and
capillary electrophoresis [Sun at al., 2004, Mei et al., 2011]. For milk samples in
particular, BPA has been determined by HPLC with UV detection [Ji et al., 2009],
fluorescence detection [Prieto et al., 2010], electrochemical detection [Inoue et al., 2000]
or tandem mass spectrometry [Gao et al., 2011].
Selective SPE techniques using MIPs are one practical approach to separate BPA
from all other matrix components of the sample. In molecular imprinting, the target
compound (such as BPA) is used as the template that interacts with a functional monomer
(such as MAA) by non-covalent bonds. AIBN initiates the polymerization of MAA, with
EGDMA serving as a cross-linker, to form a polymer matrix surrounding the BPA
template molecules. Removal of the template molecules creates binding cavities with a
size, shape and chemical functionality complementary to BPA, which is now the target
compound in unknown samples. While MIPs provide a useful solid phase to extract a
target analyte compound from water, there are several drawbacks including the leakage
of any residual template, poor accessibility of the binding cavities in large particles, and
existence of non-specific binding sites [Cormack et al., 2004]. Low-affinity binding sites
in MIPs are considered serious problem, as these could generate false positive sensor
signals due to non-specific binding [Krozer et al., 2010]. Minimizing the contact time
4

with sample solutions readily prevents leakage of template molecules. Decreasing the
size of, or reducing the degree of crosslinking in, MIP particles can alleviate poor
accessibility of the specific binding cavities for the target molecules. Blocking the nonspecific binding sites in MIPs by esterification with diazomethane (CH2N2) could
potentially improve the selectivity toward a target compound and diminish the occurrence
of false positive signals. This concept was first suggested by Shimizu [Shimizu, 2005;
Umpleby et al., 2001], who developed the site-selective chemical modification (SSCM)
technique by esterification of non-specific carboxylic acid groups within binding sites
with diazomethane or phenyldiazomethane in MIPs targeting ethyl adenine-9-acetate.
In this thesis, the SSCM approach was extended to an MIP targeting BPA. The
selectivity of BPA binding with the modified and unmodified MIPs, as well as the
corresponding non-imprinted polymer as a control, was examined. Treated MIP (TMIP)
with diazomethane was tested for selective extraction of BPA in milk samples and
compared with a commercially available MIP by using their particles of sub-micron size,
either uniformly dispersed in the sample solution or densely packed into a cartridge, for
SPE. Standard solutions were analyzed using capillary electrophoresis (CE) and highperformance liquid chromatography (HPLC) with ultraviolet (UV) detection, before and
after the extraction of BPA in the presence of several pharmaceutical and other
biologically relevant organic compounds. Baclofen (BFN) is a γ-aminobutyric acid
agonist and is used mainly to relax muscles and to treat spasticity in children and
adolescents [Duncan et al., 2013]. Caffeine (CAF) is a xanthine alkaloid and a stimulant
drug that has recently caused the sudden death of a high school wrestler after taking a
toxic dose [The Vancouver Sun, 2014.]. Diclofenac (DFC) sodium is a non-steroidal anti5

inflammatory agent that is used in the treatment of inflammatory rheumatic and nonrheumatic conditions [Stierlin et al., 1979; Todd et al., 1988]. Dyphylline is a
theophylline derivative for the treatment of asthma as well as chronic obstructive
pulmonary diseases [Huang et al., 2003, Kester et al., 1987]. Fructose (FRU) is a
monosaccharide, found in more than ten percent of the modern diet as corn syrup that is
associated with diabetes, heart disease and weight gain [Dolson, 2006]. Metformin (MF)
hydrochloride is a common drug for diabetes mellitus treatment, and there is preliminary
evidence that it reduces the progression of several types of cancer tumors [Bao et al.,
2014; Anisimov, 2014].

1.1 Molecularly Imprinted Polymers (MIP)
Molecular imprinted polymers (MIP) can be synthesized from template molecules,
functional monomers, and cross-linking molecules. An initiator starts the polymerization
of the functional monomers in organic solvents and in the presence of both the template
molecules and a large excess of the cross-linking molecules, to form a polymer matrix
surrounding the template molecules. The template can be an amino acid, protein,
nucleotide compound, pollutant, drug, or food compound [Vasapollo et al., 2011]. After
polymerization, the template is removed from the polymer to create binding cavities with
a size, shape and chemical functionality complementary to the template molecules
[Cheong et al., 2013], as illustrated in Scheme 1.2. This synthetic polymer is then able to
recognize its target compound through hydrogen bonding, dipole–dipole forces, and ionic
interactions.
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Non-covalent approach

Covalent approach

Figure 1.1 Illustration of non-covalent and covalent approaches in preparing molecularly
imprinted polymers.
The covalent approach depends on the formation of covalent bonds between
template molecules and functional monomers before the polymerization. Then, the
template molecules are cleaved from the matrix by breaking these covalent bonds. The
advantage of using the covalent approach is that it minimizes the number of non-specific
binding sites in the MIP. This is due to the high stability of the template-monomer
complex, which in turn provides a large quantity of specific binding sites [MartínEsteban, 2013]. However, the use of this covalent approach in MIP preparation is
restricted because it can be only used for a limited number of template molecules
(alcohols, ketones, amines, and carboxylic acids). Another drawback of this approach is
that the rebinding process between the template and the monomer is slow because these
covalent bonds need to be formed [Öpik et al., 2009]. On the other hand, the noncovalent method, which is based on hydrogen bonds and van der Waals, hydrophobic,
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and ionic interactions, is the most widely used approach for MIP preparation. This
approach is common because of its simplicity, and it can be used for different types of
monomers and template molecules [Tamayo et al., 2007]. However, the non-covalent
approach depends on an equilibrium process of interaction between functional monomers
and template molecules; therefore, in order to increase the stability of the templatemonomer complex, a large amount of monomer is used and this consequently leads to the
presence of non-specific binding sites [Martín-Esteban, 2013].
Generally, MIPs display high selectivity toward their target compounds and
exhibit resistance to high temperatures, strong acids, strong bases, and organic solvents.
Furthermore, MIPs are not expensive to synthesize, and they have a long shelf life
[Vasapollo et al., 2011].

1.1.1 Functional Monomers
The selection of functional monomers relies on several factors. One of them is
that the functional monomers have to interact with the template molecules and form
strong hydrogen bonds [Karim et al., 2005]. To increase the strength of these hydrogen
bonds, functional monomers should be used in excess, which in turn could provide
undesirable binding sites [Shimizu, 2005]. The price of monomers is also important and
critical later on when MIP is used on a large scale as a SPE sorbent [Karim et al., 2005].
Functional monomers that can be used include basic monomers, such as vinylpyridine,
acidic monomers, such as methacrylic acid, charged monomers, such as N,N,Ntrimethylaminoethyl methacrylate, hydrogen bonding monomers, such as acrylamide, and
hydrophobic monomers, such as styrene. Among the acidic monomers, methacrylic acid
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(MAA) is the most widely used (Figure 1.2) [Haupt, 2001] because MAA is a good
hydrogen donor and acceptor, so its non-covalent interactions with template molecules
are readily reversed. Consequently, after removal of the template by an appropriate
solvent, MAA allows rapid rebinding of the template [Vallano et al., 2000].

Figure 1.2 Chemical structure of methacrylic acid (MAA).

1.1.2 Cross-Linking Monomers
Cross-linking monomers have crucial functions in MIP preparation because they link the
linear monomers together to establish a network. Cross-linking monomers control MIP
morphology, fix recognition sites, and stabilize the functional monomers and template
[Pardeshi et al., 2014]. Cross-linking molecules are usually used in high ratios to about
70-90% of the total MIP monomers as the polymer matrix needs a rigidity to retain the
specific cavities’ shape and preserve the imprinted recognition characteristics [Masque et
al., 2001]. The cross-linking monomers also participate in the formation of specific
binding cavities by interacting with functional monomers [Mullett et al., 1999]. By
immobilizing the functional monomers in the polymer matrix, they actually help to
rebind the target molecules with highly selective recognition [Vasapollo et al., 2011].
Ethylene glycol dimethacrylate (EGDMA) and trimethylolpropane trimethacrylate
(TRIM) are the most commonly used cross-linking molecules in MIP preparation [Chen
et al.,2011]; chemical structure of EGDMA and TRIM as shown in Figure 1.3.
10

Figure 1.3 Chemical structures of EGDMA (left) and TRIM (right).

1.1.3 Porogens
Solvents with pore-forming properties are called porogens [Masque et al., 2001].
In MIP preparation, the porogens are responsible for dissolving the template, functional
monomers, and cross-linking molecules in the polymerization stage of MIP prepration,
and they are responsible for production of macro-pores [Vasapollo et al., 2011]. The role
of porogens is important in the formation of a stable complex between the template and
functional monomers during MIP synthesis. Porogens should not interfere with hydrogen
bonds formed between the template and functional monomers, so aprotic solvents with
low polarities such as acetone, acetonitrile, tetrahydrofuran (THF), and diethyl ether are
generally preferred. Porogens should also have small dielectric constants to increase the
stability of the formation of the template-monomer complex because the more stable the
complex, and hence the selectivity of the MIP. The H-bond parameter of porogens is
another important factor in the stability of the template-monomer complex. Porogens
such as acetone, acetonitrile, THF, and diethyl ether (with H-bond parameters of 6.1, 7, 8
[Pardeshi et al., 2014], and [7.05 Koenhen et al., 1975] respectively) are generally
chosen. However, porogens such as methanol (with an H-bond parameter of 22.3) should
be avoided because they may interfere with hydrogen bonds formed between the template
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and the functional monomers and consequently decrease the stability of the templatemonomer complex [Pardeshi et al., 2014].

1.1.4 Radical Free Initiators
Free radical reactions are beneficial in MIP preparation due to their electrical
neutrality. These reactions are also useful because they remain uninfluenced by the
presence of basic or acidic environments or by changes in the polarity of solvents. Free
radical initiation can occur thermally at an elevated temperature or photochemically
under UV irradiation. The most common initiator is 2, 2’-azobisisobutyronitrile (AIBN),
which is decomposed thermally at 60 °C [Sellergren et al., 2000] as shown in Scheme
1.3.

Scheme 1.3 Decomposition of AIBN at 60 °C.

1.2 Diazomethane
Diazomethane (CH2N2, Figure 1.4) was first discovered by Hans von Pechmann
in 1895 [Roper et al., 1957]. It is used most commonly as a methylating reagent for
carboxylic acids; it is also used to methylate phenols, enols, and certain nitrogen and
sulfur functional groups. Diazomethane is usually prepared as a solution in ether because
it forms a gas at room temperature; it becomes a liquid at -23 °C and solidifies at -145 °C.
Although diazomethane, when handled safely, can be a harmless reagent, its distillation
12

hydrogen bonding and electrostatic interactions. The result of their study showed a
significant decrease in the selectivity of the esterified MIP in comparison with unesterified MIP, as well as a decrease in the affinity for all compounds [Sellergren et al.,
1993; Shimizu, 2005]. Although this unselective approach did not work, it led to further
investigation and subsequent development of the selective approach. Umpleby et al.
[2001] then studied the unselective chemical post-modification of an MAA/EGDMA
matrix imprinted with ethyl adenine-9-acetate (EA-9-A) with diazomethane or phenyldiazomethane. The results of this work agreed with Sellergren and Shea’s work, showing
a loss in the selectivity of the esterified MIP due to its unselective esterification because
the template was removed prior to esterification [Umpleby et al., 2001; Shimizu, 2005].

1.3.2 Selective Technique
Selective chemical modification can improve the selectivity of MIPs. This technique
employs both a selective reagent and guest-directed selectivity.
One method for selective chemical modification is to employ a size-selective reagent. An
unmodified MIP contains small, medium, and large binding sites, so using a large reagent
helps to access the large binding sites while leaving small and medium sites untreated. As
a result, the modified MIP should be more selective toward smaller template molecules
[Shimizu, 2005]. Frechet and Svec have used this technique successfully [Svec et al.,
1996].
Another method for selective chemical modification is to protect the specific binding
sites in the MIP and to modify only the unspecific binding sites. One can achieve this by
using the template molecules to protect the specific binding sites during the chemical
14

modification. McNiven et al. [1997] used this method to esterify MAA/EGDMA
imprinted with testosterone; they esterified the polymer matrix with methyl iodide (CH3I)
and 1,8-diazabicyclo[5.4.0]undec-7-ene, both in the presence and absence of the template
molecules. They then compared the selectivity of the two modified MIPs by HPLC. The
MIP modified prior to removal of the template molecules showed an improvement in the
separation factor for testosterone (template/target) vs. progesterone, while the MIP
modified in the absence of the template showed no difference in the separation factor
compared to the original MIP [McNiven et al., 1997; Shimizu, 2005]. Umpleby et al.
[2001] have also used a guest-directed selectivity method to improve the binding of EA9-A (target) through the esterification of MAA/EGDMA with diazomethane or phenyldiazomethane in the presence and absence of the template. Their results showed that the
MIP esterified in the presence of the template yielded a higher percentage of specific
binding sites in comparison with the MIP esterified in the absence of the template, which
clearly provides evidence that the template molecule can protect the binding site during
chemical modification with diazomethane [Umpleby et al. [2001, Shimizu, 2005].

1.4 Capillary Electrophoresis Principles
Capillary electrophoresis (CE) is an analytical technique used to separate a
mixture of compounds using an electrical field in a capillary tube [Glynn et al., 1998]. As
shown in Figure 1.5, CE equipment consists of a capillary tube filled with buffer solution
and positioned between two buffer reservoirs, with a high voltage field applied across it.
A sample vial is introduced to the capillary inlet by replacing one buffer reservoir while a
detector with an optical viewing window is placed at the outlet side of the capillary. The
sample data are then acquired and saved by computer software [Bosserhoff et al., 2005].
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1.4.2 Electroosmosis
EOF exists in any electrophoretic mechanism, and it is a critical factor in CE.
EOF occurs whenever the liquid near a charged surface is placed in an electrical field,
which results in the movement of any fluid near the surface inside the capillary. The
electroosmotic flow velocity is known by the Smoluchowski equation:
veof = - (ε ζ/4 η π)E

(2)

Here ε is the electrolyte (buffer) dielectric constant, ζ is the zeta potential (volts), η is the
viscosity (poise) and E is the applied voltage (volts/cm). The zeta potential measures the
charge on the capillary wall, which depends on the material making up the capillary and
the electrolyte (buffer) composition. Fused silica is the most common material for the
capillary, with its surface hydrolyzed to give make it negatively charged, which attracts
cations from the electrolyte (buffer) solution; this phenomenon is known as an electrical
double layer. When an electrical field is applied, the cations migrate toward the cathode,
moving water along and generating a pumping action. The zeta potential increases with
the charge density on the surface. Note that the EOF velocity decreases with increasing
concentration of the electrolyte (buffer). In summary, electroosmotic flow always moves
toward the electrode that has the same charge as the capillary wall [Whatley, 2001].

1.5 High-performance Liquid Chromatography Principles
High-performance liquid chromatography (HPLC) is an analytical technique used
to separate mixtures of compounds, including pharmaceutical, organic and ionic materials
[Dong, 2006]. HPLC consists of a column packed with the stationary phase particles, a
pump to move the mobile phase, and a detector to determine the retention times and
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concentrations of separated analytes. Retention time of an analyte is the time at which
the analyte comes out at the exit end of the column. Retention times depend on the
interaction between the stationary phase, the analyte molecules, and the solvents. When a
sample is injected to the mobile phase stream, its components are hindered by the
stationary phase interfaces. This hindrance relies on the analyte, stationary phase and
mobile phase [Bansal, 2010].

1.5.1 Reversed Phase Liquid Chromatography
Reversed phase liquid chromatography (RP-HPLC) is a separation mode that was
started in the mid-1970s [Tosoh Bioscience LLC, 2009]. In this mode, the stationary
phase is non-polar while the mobile phase is polar or semi-polar. The RP-HPLC principle
is based on hydrophobic interactions between the analyte, the stationary phase (C18
column), and the mobile phase solvents [Bansal, 2010]. Introducing additional organic
solvents into the mobile phase decreases the hydrophobic interactions between the
analyte and the stationary phase, which results in desorption. Consequently, the more
hydrophobic the analyte is, the longer the retention time. The RP-HPLC mode is the most
common separation technique used in analytical chemistry because it is effective for
almost all types of molecules, including charged and polar molecules [Tosoh Bioscience
LLC, 2009].

1.6 The Separation Efficiency of CE in Comparison to HPLC
CE provides a unique and unparalleled resolution and separation in comparison to HPLC.
The separation efficiency of CE and HPLC is governed by the Van Deemter equation
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(Equation 3), which relies mainly on the relationship between the plate height (H) and the
velocity (νx) of the liquid along the separation axis (x).
H= A + B/vx + Cvx

(3)

Where A, B and C are constants. When H is decreased, more theoretical plates (N
~50,000 to 500,000) can be generated along the separation axis. In CE, two terms in the
Van Demeter equation are eliminated (zero): the multiple path term (A) and the masstransfer term (Cνx). Consequently, the only essential source of band broadening, under
typical conditions, is from longitudinal diffusion (B/υx). A typical separation by CE
affords 50,000 to 500,000 theoretical plates, which is an order of magnitude better
separation than HPLC (Xu, 1996).

1.7 Research Goals
The SSCM technique has been previously used to enhance the selectivity of MIPs toward
their target analytes. This technique is used in the present project to enhance the
selectivity of MIPs toward BPA as the target compound. This approach, by esterifying
non-specific binding sites (namely MAA residues) in the MIP with diazomethane using
diethyl ether as solvent and guest directed selectivity, has not been previously reported.
In addition to the SSCM technique, another approach was attempted to enhance the
selectivity of the MIP via optimization of the template to functional monomer molar
ratio. The ultimate aim of those two approaches was to eliminate non-specific binding
sites while keeping the specific biding sites intact in an MIP that was prepared using BPA
as the template, MAA as the functional monomer, EGDMA as the cross-linker, and
AIBN as the initiator. The third goal of this project was to examine the selectivity of our
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TMIP toward its target analyte, BPA, not only in aqueous solutions (BGE and DDW) but
also in milk samples. These results were then compared with those of a commercially
available MIP, either uniformly dispersed in the sample solution or densely packed into a
cartridge, for solid phase extraction (SPE). Standard solutions were analyzed by CE and
HPLC with UV detection, before and after the TMIP extraction of BPA in the presence of
several pharmaceutical organic compounds and other biologically relevant organic
compounds. The objective of this comparison was to explore the efficiency and
selectivity of TMIP toward its target compound, BPA, without the interferences of other
molecules in comparison with the commercial MIP. Hopefully, we can use our selective
TMIP either to remove BPA from drinking water (in large-scale applications), infant milk
and other food matrices or to employ the TMIP particles in sensor applications as a BPA
receptor.
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Chapter 2
Experimental
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2. Experimental
2.1

Material

Bisphenol A (BPA), baclofen (BFN), caffeine (CAF), diclofenac (DFC) sodium salt,
dyphylline (DYE), 2-hydroxy-4-methoxybenzophenone (HMB), fructose (FRU) and
metformin (MF) hydrochloride were all obtained from Sigma-Aldrich (Oakville, Ontario,
Canada). 2,2ʹ-azobis (2-isobutyronitrile) (AIBN) was acquired from Pfaltz & Bauer
(Waterbury, CT, USA). Diethyl ether was purchased from Fluka (Buchs, Switzerland).
Sodium phosphate dibasic was supplied by Fisher Scientific (Fair Lawn, NJ, USA). All
chemicals were used as received without any further purification except diethyl ether,
which was distilled from lithium aluminum hydride. HPLC-grade methanol and
acetonitrile (ACN), and spectro-grade acetone, were all purchased from Caledon
(Georgetown, ON, Canada). The AFFINIMIP® SPE BPA cartridges were purchased
from AFFINISEP/ POLYINTELL (Paris, France). Sealtest 2% partially skim milk (237
mL carton) was purchased at a local supermarket.

2.2 Apparatus and Analytical Method
A diazomethane generator kit [“Mini Diazald apparatus” (Aldrich part # Z108898),
Clear-Seal flask (Aldrich part # Z100358); and a separatory funnel with PTFE stopcock
and Clear-Seal joint (Aldrich part # Z100382)] was obtained from Sigma-Aldrich
(Oakville, ON, Canada). CE-UV analysis was performed on a laboratory-built system
including a Spellman CZE1000R high voltage power supply (Hauppauge,NY, USA).
A fused-silica capillary (51 µm i.d., 356 µm o.d.) was obtained from Polymicro
Technologies (Phoenix, AZ, USA). The capillary for CE was 53.5 cm in total length and
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46.1 cm in effective length to the detector. The BGE was consisted of 10 mM Na2HPO4
in deionized distilled water (DDW) to reach pH 7.5 ± 0.2. The capillary was flushed with
pure methanol, 1.0 M HCl, 1.0 M NaOH, DDW, and the buffer (BGE). Prior to each use,
the capillary was equilibrated with the run buffer at an applied voltage of 17 kV for 10
min. A Bischoff Lambda1010 (Leonberg, Germany) UV detector was employed, at a
wavelength of 190 nm, to determine the compounds and find their migration time. This
wavelength, 190 nm, was chosen based on the BPA absorption in the UV and visible
regions. The detector-acquired signal was obtained through a Peak Simple
Chromatography Data System (SRI model 203, Torrance, CA, USA). The capillary was
reconditioned by running the buffer at 17 kV for 1 min in between sample analyses. The
capillary inlet and outlet buffer solutions were changed after every ten CE analyses to
keep the purity and level of BGE.
HPLC-UV analysis was carried out on a Shimadzu LC-GA system equipped with a 20
µL sample loop, a Phenomenex reversed phase C18 column (4.6 mm × 250 mm, 4 µm
packing material) and a Gilson 115 UV detector (Middleton, WI) set at 200 nm. The
absorbance signal was collected by a model N2000 chromatography workstation
(Zhejiang University, Hangzhou, China). The mobile phase was acetonitrile (ACN),
methanol (MeOH) and DDW in 1:1:1 ratio at a flow rate of 0.8 mL/min.

2.3 Preparations of PMAA, MIP1 and NIP1 Particles
BPA-imprinted polymer (MIP1) and non-imprinted polymer (NIP1) particles were
prepared following a procedure by Alsudir et al. [2012]. BPA (the template), MAA (the
functional monomer), and EGDMA (the cross-linker) were combined in a molar ratio of
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1:8:7, and dissolved in a mixture of acetone/ACN (1:3 v/v). The initiator, AIBN, was
added to the mixture (at 2% by weight of the monomers). After sonication and
deoxygenation by bubbling nitrogen gas through the mixture for 5 min, the reaction vial
was sealed and placed in a 60 °C water bath for 24 h (without further mixing or shaking)
to produce submicron MIP1 particles, which were then rinsed six to seven times with 10
ml of 5% TEA in methanol for each rinse to wash out the template molecules. The
particles were then rinsed three times with 10 ml of ACN for each rinse to remove any
remaining TEA. Centrifugation of polymer particles was carried out at 10 000 rpm for
10-20 min, and the supernatants were discarded. Finally, the MIP1 particles were dried
overnight in an oven at 50 °C. NIP particles were prepared analogously but in the absence
of the template molecule (BPA). For a direct comparison of NMR peaks, poly(methyl
methacrylate) (PMMA) was prepared in the same manner using methyl methacrylate
(MMA) instead of MAA as the functional monomer [Alsudir et al., 2012].

2.4 Optimized Molar Ratios of MAA to BPA in MIP2 to MIP10 and
NIP2 to NIP10
MIP2 to MIP10 were prepared using different molar ratios of BPA to MAA while keeping
EGDMA constant at 7 mmol, (Table 2.1). All MIPs in Table 2.1 were dissolved in a
mixture of acetone/acetonitrile (1:3 v/v). AIBN was added (at 2% by weight of the prepolymerization mixture except the solvents) as an initiator. After sonication and
deoxygenation by bubbling nitrogen gas through the mixture for 5 min, the reaction vial
was sealed and placed in a 60 °C water bath for 24 h (without further mixing or shaking)
to produce submicron MIP particles, which were then collected by centrifugation at
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10000 rpm for 10-20 min and rinsed seven times each with 10 ml of 5% TEA in
methanol to wash out the template molecules. The particles were then rinsed three times
each with 10 ml of acetonitrile to remove any remaining TEA. Finally, all the MIP
particles were dried overnight in an oven at 50 °C. For direct comparisons of binding
tests results, NIPs were prepared analogously to MIPs but in the absence of BPA.
Table 2.1 Preparation of MIPs using different molar ratios of BPA to MAA while
keeping EGDMA constant.

Molar ratio
Molecularly imprinted polymer

BPA
MAA
(mmol) (mmol)

EGDMA
(mmol)

Mole % BPA

MIP2

1

9

7

0.06

MIP3

2

8

7

0.12

MIP4

3

7

7

0.18

MIP5

4

6

7

0.24

MIP6

5

5

7

0.29

MIP7

6

4

7

0.35

MIP8

7

3

7

0.41

MIP9

8

2

7

0.47

MIP10

9

1

7

0.53
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2.5

Diazomethane Preparation

Due to the potentially explosive and toxic nature of diazomethane, this reaction was
performed behind a safety shield in a fume hood! Diazomethane was prepared from Nmethyl-N-nitroso-para-toluenesulfonamide (Diazald®), Scheme 2.1, [De Boer et al.,
1954] following a literature procedure [Sigma-Aldrich Technical Bulletin AL-180, 2007]
as a solution in ether with trace amounts of ethanol using an Aldrich mini Diazald
apparatus.
O

O
S

Me

N
N
O
Me

KOH
Et2O, EtOH, H2O
70 °C

CH2N2
in Et2O

Scheme 2.1 Preparation of diazomethane
Specifically, 10 ml of 95 % ethanol and 8 ml of water were added to 5 g of KOH in the
reaction vessel portion of the apparatus. The resulting mixture was then stirred and heated
in an oil bath to 65 °C. A separatory funnel containing 5 g of Diazald dissolved in 45 ml
of diethyl ether was placed over the reaction vessel. The cold finger was cooled with dry
ice and isopropanol, and a 100 ml receiving flask was attached. When the reaction vessel
warmed to 65 °C, the solution of Diazald in ether was added over a period of 20 minutes
so that the rate of distillation matched the rate of the addition of the Diazald solution. The
final solution of CH2N2 gas dissolved in diethyl ether was protected from shock and
stored in a freezer (~ –15 °C).
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2.6

Treating the MIPs and NIPs with Diazomethane

Due to the potentially explosive and toxic nature of diazomethane, this reaction was
performed behind a safety shield in a fume hood! The diazomethane-treated molecularly
imprinted polymers (TMIPs) and diazomethane-treated non-imprinted polymers (TNIPs)
were prepared analogously to the MIPs and NIPs as described in section 2.3 and 2.4, and
dissolved in a mixture of acetone/ACN (1:3 v/v). The initiator, AIBN, was added to the
mixture (at 2% by weight of the monomers). After sonication and deoxygenation by
bubbling nitrogen gas through the mixture for 5 min, the reaction vial was sealed and
placed in a 60 °C water bath for 24 h (without further mixing or shaking) to produce
submicron MIPs particles. Centrifugation of polymer particles was carried out at 10000
rpm for 15 min and the supernatants were discarded. The MIP particles were then dried
overnight in an oven at 50 °C. 670 mg of MIP particles (still containing the BPA
template, as it had not been washed out) were suspended in 50 mL of a 1:1 mixture of
THF and MeOH to produce TMIP* and TNIP* or in diethyl ether to produce TMIP1 to
TMIP 10 and TNIP1 to TNIP 10. Ethereal diazomethane solution was added to the MIPs and
NIPs suspensions in order to methylate the carboxylic acid groups in the MAA/EGDMA
matrix (Scheme 2.2). The reaction was deemed complete when the yellow color of
diazomethane persisted for several minutes. Nitrogen gas was then used to purge the
remaining diazomethane from the reaction mixture, and the mixture was concentrated on
a rotary evaporator at 40 °C to afford treated molecularly imprinted polymers and treated
non-imprinted polymers: TMIPs and TNIPs. In order to remove the template molecules
from TMIPs particles were rinsed seven times with 10 ml of 5% TEA in methanol for
each rinse; the particles were then rinsed three times with 10 ml of ACN for each rinse to
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remove any residual TEA. The polymer particles were precipitated by centrifugation at
10000 rpm for 15 min, and the supernatants were discarded. The TMIPs and TNIPs
particles were then dried overnight in an oven at 50 °C.
O
R

O
O

H

R
H2C N N

O
O

H3C N N

R

O

CH3

+

N N

highly unstable
diazonium cation

Scheme 2.2 Methylation of carboxylic acids with diazomethane
MIP* and NIP* particles were suspended in a 1:1 mixture of THF and MeOH during the
reaction with diazomethane to generate TMIP* and TNIP* or in a diethyl ether solvent to
generate TMIP1 to TMIP10 and TNIP1 to TNIP10.

2.7 Competitive CE-UV Binding Tests of MIPs, TMIPS, NIPs, TNIP,
and PMMA
Ten milligrams per milliliter of PMMA, MIPs, and TNIPs particles were prepared in 10
mM Na2HPO4 BGE (pH 7.5 ± 0.2). Standard stock solutions of 200 ppm BPA, 5000 ppm
HMB, 800 ppm of BFN, DFC and MF were prepared in the BGE. Working standard
solutions of 100 ppm BPA and 200 ppm BFN, 200 ppm DFC, 200 HMB, and 200 MF
were prepared when needed. Batch-mode binding tests were used to evaluate the binding
between the particles and target compounds. After sonication for 20 minutes, the solution
was centrifuged for 10 minutes, and the concentrations of BPA, BFN, DFC and MF in the
supernatant were analyzed by CE-UV analysis. An individual run of mesityl oxide (MO)
as the neutral marker was carried out for ionic charge determination of the target
compounds. Selectivity of the PMMA, MIP, NIP, TMIP and TNIP particles were tested
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using the mixture of BPA, DFC and MF or using BFN only in the run buffer, respectively
while the selectivity of MIP*, NIP*, TMIP* and TNIP* were determined using BPA and
HMB. Peak areas were measured for each compound before and after binding with
PMMA, MIP, NIP, TMIP, and TNIP particles. All binding tests were carried out in
duplicate, and percentage binding was calculated as [(peak area before binding–peak area
after binding)/peak area before binding] × 100.

2.8 Competitive CE and HPLC Binding Tests of MIP6 and a
Commercial MIP in Aqueous Solutions
Ten milligrams per milliliter of MIP6 particles or commercial MIP particles were
suspended in either 10 mM Na2HPO4 BGE (pH 7.5 ± 0.2) or DDW. Standard stock
solutions of 200 ppm BPA, 800 ppm BFN, 800 ppm DFC, and 800 ppm MF were
prepared in the same BGE or in DDW. Working standard solutions of 100 ppm BPA, 200
ppm BFN, 200 ppm DFC, and 200 ppm MF were prepared freshly prior to each binding
test. Batch-mode binding tests were used to evaluate the binding between the particles
and test compounds under sonication for 20 minutes. After the particles were precipitated
by centrifugation at 10000 rpm for 10 minutes, the concentrations of BPA, DFC and MF,
or BFN, in the supernatant were determined by CE-UV and HPLC-UV analysis. An
individual run of mesityl oxide (MO) as the neutral marker was carried out for ionic
charge determination of the test compounds and particles by CE-UV analysis. In the case
of MIP cartridges (containing 100 mg of particles), 2 mL of BGE or DDW solution,
spiked either with a mixture of 100 ppm BPA, 200 ppm DFC and 200 ppm MF, or
individually with 200 ppm BFN, was loaded for SPE. The eluate was then directly
analyzed by CE-UV without sonication or centrifugation. Peak areas were measured for
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each compound before and after binding. All binding tests were carried out in duplicate,
and percentage binding was calculated as [(peak area before binding – peak area after
binding)/peak area before binding] × 100.

2.9 Competitive CE and HPLC Binding Tests of MIP6 and a
Commercial MIP in Milk Samples
All stock solutions of 200 ppm BPA, 800 ppm BFN, 175 800 ppm CAF, 800 ppm DFC,
800 ppm DYE, and 800 ppm MF were prepared in the BGE. Half a milliliter of milk was
spiked with the stock solutions and diluted with BGE to a final volume of 2 mL, thus
containing 100 ppm BPA, 200 ppm BFN, 200 ppm CAF, 200 ppm DFC, 200 ppm DYE,
30000 ppm FRU or 200 ppm MF. Ten milligrams per milliliter of either TMIP or
commercial MIP particles were dispersed into the spiked milk samples via sonication for
20 minutes. After the particles were precipitated by centrifugation at 10000 rpm for 10
min, the supernatant was analyzed by CE-UV to determine the final concentrations of
BPA, BFN, CAF, DFC, DYE, FRU and MF. In the case of commercial MIP cartridges,
two milliliters of milk sample was spiked either with a mixture of 100 ppm BPA and 200
ppm MF, or individually with 200 ppm BFN, 200 ppm DYE or 30000 ppm FRU. The
spiked milk sample was allowed to percolate, under atmospheric pressure, through the
densely packed cartridge. The eluate was directly analyzed by CE-UV without
centrifugation.
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2.10 Electrophoretic Mobility of Polymers
The negative or positive charges of MIPs, NIPs, TMIPs and TNIPs particles were
determined by CE-UV analysis after they were suspended in the BGE with
ultrasonication. The electrophoretic mobility M of each polymer was calculated by
M = (Ltot Ld/V) (1/tp − 1/tref)
Where Ld is the capillary length from the inlet to the detector, and V is the high voltage
(20 kV) applied across the entire capillary length (Ltot); tref and tp are the migration times
of the neutral (reference) marker and the particles, respectively.

2.11 Solid-State 13C NMR
All 13C cross polarization/magic angle spinning NMR spectra were obtained on a Bruker
Avance III 400 (400 MHz, 9.4 T) or Avance III 200 (200 MHz, 4.7 T) spectrometer at a
spinning speed of 10 kHz.
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3. Results and Discussion
3.1

Modification of the Imprinted Polymer with Diazomethane

Diazomethane reacts very rapidly with carboxylic acid groups to form the corresponding
methyl esters. We sought to use the high reactivity of diazomethane as a technique to
modify MIPs by suspending the imprinted polymer in the presence of the template (in
this case, BPA), wherein the template acts as an in situ protecting group for the specific
binding sites and allowing the non-specific carboxylic groups to selectively react with
CH2N2. Umpleby et al. [2001] proposed that the template has the ability to protect the
high-affinity binding sites of the template in the MIP and keep them inactivated during
the treatment with CH2N2 Umpleby et al., 2001, Shimizu, 2005].
In related work, McNiven et al. [1997] demonstrated the importance of the presence of
the template during the esterification of an MAA/EGDMA polymer imprinted with
testosterone. When the MIPs were partially esterified with methyl iodide in the presence
and absence of the template and by applying HPLC to compare the selectivity of these
treated polymers, they noticed an improvement in the separation of testosterone (the
template) vs. progesterone [McNiven et al., 1997].
Another important aspect of this work was the choice of solvent. Our selection of the
moderately polar diethyl ether was precipitated by its modest hydrogen bonding ability
(with the H-bond parameter of 7.05 [Pardeshi et al., 2014]) [Snyder, 1978], which would
thus provide minimal disruption of the hydrogen bonds between the template and the
high affinity binding sites. However, we also postulated that a certain amount of
hydrogen bonding by the solvent during the reaction of the polymer with diazomethane
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may be beneficial in minimizing non-specific binding of BPA, thus resulting in an even
greater selectivity in site-selective chemical modification (SSCM) of the MIP. According
to Nicholls et al. [1995], the presence of the water considerably decreases the
effectiveness of hydrogen bonding between ligand and receptor due to the increased
competition for hydrogen bond donor and acceptor sites. Similarly, we observed that
when the treatment was performed by addition of ethereal diazomethane to a suspension
of the MIP in a 1:1 mixture methanol and THF, the binding cavities were virtually
completely methylated – this TMIP (TMIP*) showed the same results as a control [treated
non-imprinted polymer (TNIP*)] when BPA and 2-hydroxy-4-methoxybenzophenone
(HMB) were chosen to carry out binding tests with TMIP* and TNIP* as shown in Table
3.1. These results demonstrate the lack of selective binding sites in both TMIP* and
TNIP*. Similarly, the NIP1 demonstrated modest and non-selective binding of BPA,
while the MIP1, as expected, showed significantly higher BPA affinity. This is consistent
with the findings of Shimizu et al. [Shimizu, 2005] that high affinity binding sites seem
to be preferentially esterified during SSCM when the template is absent; thus, the
observed binding is strictly due to binding to non-selective sites [Umpleby et al., 2001].
The higher binding affinity of HMB over BPA is a result of its five-fold higher
concentration and its documented high affinity for non-selective binding sites [Alsudir et
al., 2012 and 2013].
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Table 3.1 Binding test results for a mixture of BPA and HMB with different polymers.
The MIP1 and NIP1, while suspended in 1:1 MeOH/THF, were treated with diazomethane
to produce the TMIP* and TNIP*, respectively.

Polymer

MIP1

TMIP*

NIP1

TNIP*

a

% Bindinga
BPAb = 90% ± 1%
HMBc = 99% ± 1%
BPAb = 48% ± 1%
HMBc = 99% ± 1%
BPAb = 71% ± 5%
HMBc = 80% ± 1%
BPAb = 50% ± 1%
HMBc = 99% ± 1%

Percentage binding was determined by CE-UV analysis of analyte solutions before and

after treatment with polymer and calculated as [(peak area before binding–peak area after
binding)/peak area before binding] × 100.

b

Initial concentration = 100 ppm. cInitial

concentration = 500 ppm.

3.1.1 Binding Selectivity of the TMIP1
After removing the template from TMIP1, re-binding tests between BPA and TMIP1
particles (prepared by partial esterification of MIP particles suspended in diethyl ether)
were performed using a CE-UV system. Control binding tests were also performed on
MIP and NIP particles. To determine the selectivity for BPA in the presence of positively
and negatively charged compounds, two different anti-inflammatory drugs were chosen:
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metformin (MF) and diclofenac (DFC). Their chemical structures and pKa values are
shown in Table 3.2 for comparison with BPA.
Table 3.2 Chemical structures and pKa values of BPA, DFC and MF.

Compound

Chemical structure

Bisphenol A

9.6 [Clara et al., 2004];

(BPA)

Neutral compound

Diclofenac

4.1a [Röhricht et al., 2009];

sodium salt (DFC)

Negatively charged compound

Metformin
hydrochloride

12.4 [Lai et al., 2006];

(MF)

a

pKa;
Electronic charge in 10 mM Na2HPO4
(pH 7.5 ± 0.2)

Positively charged compound

pKa of the corresponding carboxylic acid.

The binding test results for BPA, DFC and MF, both individually and as a mixture, with
the four different MAA-based polymers as well as PMMA are summarized in Table 3.3.
Examining the individual and mixture results, it is obvious that treatment of the MIP1
with diazomethane retained or improved the binding of BPA, the target analyte: The
binding affinity of BPA to TMIP1 was 98% ± 1% and 95% ± 1%, respectively, in the
analysis of the BPA alone and in the analyte mixture, versus 90% ± 2% and 94% ± 1%
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for the MIP1. Not surprisingly, PMMA and the non-imprinted polymethacrylic acid
polymer, both with (TNIP1) and without (NIP1) diazomethane treatment, all afforded
substantially lower binding affinities.
It is worth noting that our ethereal diazomethane likely contained a small amount of
ethanol and a trace amount of water from the diazomethane preparation and distillation
protocol [Sigma-Aldrich Technical Bulletin AL-180, 2007]; however, given the
contrasting results of the TMIP* prepared in a 1:1 methanol/THF mixture (TMIP*,
Table3.1) versus the TMIP prepared in ether (TMIP1, Table 3.3), these small amounts of
hydrogen bond donating solvents do not appear to be of significant consequence.
Given that analytical samples will often contain charged species that may interfere with
the extraction and analysis of BPA levels; we also opted to assay the binding of a
negatively charged species, DFC and a positively charged compound, MF. Once again,
TMIP1 proved to be superior to the non-esterified MIP1, affording a lower affinity toward
MF, with only 10% ± 1% and 8% ± 1% binding individually and in the mixture,
respectively, compared with MIP1 values at 56% ± 2% and 22% ± 2%. This can be
rationalized by increased hydrogen bonding of MF with the low affinity sites in the MIP1,
as well as electrostatic attraction of MF to carboxylic acid residues that have dissociated
to form carboxylate ions. This interpretation is corroborated by the binding affinity
values for the NIP1, which is capable of hydrogen-bond donation and electrostatic
attraction to MF, and PMMA and TNIP1, which are not. The data in Table 3.4 (vide
infra), which, via electrophoretic mobility, orders the different polymers according to
their amount of negative charge [DeMaleki et al., 2010], also supports this perspective.
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The negatively charged compound, DFC, displayed binding affinity in the order MIP1 <
TMIP1 ≤ NIP1. That the MIP1 has a slightly lower affinity for DFC (13% ± 1% versus
16% ± 3% for TMIP1 in the individual analysis and 7% ± 1% versus 16% ± 1% in the
mixture) can be explained by MIP1 having a higher level of negative charge (again due to
acid dissociation to carboxylate ions, vide infra), whereas the TMIP1 has significantly
fewer acid residues, thus minimizing charge-charge repulsion. Therefore, blocking the
non-specific binding sites via treatment with CH2N2 helped reduce MF binding while
maintaining both low affinity for DFC and extremely high affinity for BPA – even in the
presence of other compounds, the best selectivity for BPA was attained by TMIP1 in
comparison to MIP1, NIP1, TNIP1 and PMMA.
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Table 3.3 Binding test results for BPA, DFC, MF and mixture (BPA+DFC+MF) with
polymers.

Polymer

Target analyte

Negatively
charged compound

Positively charged
compound

Mixture
BPA = 94% ± 1%

MIP1

BPA = 90% ± 2%

DFC = 13% ± 1%

MF = 56% ± 2%

DFC = 7% ± 1%
MF = 22% ± 2%
BPA = 55% ± 1%

NIP1

BPA = 71% ± 5%

DFC = 33% ± 2%

MF = 65% ± 2%

DFC = 15% ± 1%
MF = 37% ± 2%
BPA = 95% ± 1%

TMIP1b

BPA = 98% ± 1%

DFC = 16% ± 3 %

MF = 10% ± 1%

DFC = 16% ± 1%
MF = 8% ± 1%
BPA = 66% ± 3%

TNIP1c

BPA = 52% ± 2%

DFC = 7% ± 1%

MF = 10% ± 1%

DFC = 7% ± 1%
MF = 10% ± 1%
BPA=58% ± 1%

PMMA

BPA= 68% ± 1%

DFC = 22% ± 2%

MF= 11% ± 1%

DFC= 24% ± 1%
MF= 18% ± 1%

a

Percentage binding was determined by CE-UV analysis of analyte solutions before and

after treatment with polymer and calculated as [(peak area before binding–peak area after
binding)/peak area before binding] × 100. bMIP1, in the presence of the template BPA,
was suspended in diethyl ether during reaction with diazomethane to produce TMIP1.
c

NIP1 was suspended in diethyl ether during reaction with diazomethane to produce

TNIP1.
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3.1.2 Electrophoretic Mobility of the Polymers
The negative or positive charges of NIP1, MIP1, TMIP1, TNIP1 and PMMA particles were
determined by CE-UV analysis after they were suspended in BGE with ultrasonication.
PMMA was used as a control. The electrophoretic mobility µep of each polymer was
calculated by subtracting the electroosmotic flow (µeo) of the background electrolyte from
the apparent mobility µapp [Lai et al., 2010]:
µep = µapp- µeo
It can be seen in Table 3.4 that all the five polymers displayed negative electrophoretic
mobility values. However, TMIP1, as expected, afforded a decreased amount of negative
charge compared to NIP1 and MIP1. This is consistent with a decreasing number of
carboxylic acid functional groups, due to their conversion to MMA residues in TMIP1.
Critically, TMIP1 also has more negative charge than PMMA and TNIP1, and this is also
congruent with our desired partial esterification of the MIP1. In addition, TNIP1, in which
we sought to esterify the MAA residues (thus essentially forming a PMMA), closely
resembled the mobility of PMMA.
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Table 3.4 Electrophoretic mobility values of NIP1, MIP1, TMIP1, PMMA and TNIP1
Polymer Electrophoretic Mobility (m2V-1s-1)
NIP1

-2.7x10-8

MIP1

-2.4x10-8

TMIP1a

-2.0x10-8

PMMA

-1.7x10-8

TNIP1b

-1.5x10-8

a

Prepared by reaction of diazomethane with a suspension of MIP1 in diethyl ether without
prior removal of the BPA template. bPrepared by reaction of diazomethane with
suspension of NIP1 in diethyl ether.

3.1.3 Solid-State 13C NMR
To further confirm the functional groups or residues in each polymer, we elected to
analyze the NIP1, MIP1 and TMIP1 particles via solid-state 13C NMR spectroscopy. The
different spectra (Figure 3.1) – TMIP1, NIP1, MIP1 in the presence and absence of the
template – show signals for both the EGDMA cross-linker and the MAA residues. These
spectra can be compared with a previous study by [Courtois et al., 2006] where ethylene
dimethacrylate (EDMA) and MAA were used in their polymer. Figures 3.2 and 3.3 depict
the

13

C spectra of PMMA and TNIP1, respectively. These data confirm the partial

esterification of TMIP1 in two aspects. The first is that a peak in the methyl ester region
of the spectrum [Angiolini et al., 2008] is prominently observed between 52.0 and 52.1
ppm in the spectra of TMIP1, TNIP1, and PMMA, but is absent from the spectra of the
unesterified MIP1 and NIP1. While this confirms that methyl esterification did occur in
the reaction of MIP1 and NIP1 with diazomethane to produce TMIP1 and TNIP1, it does
not provide any perspective on the degree of esterification.
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In order to gain insight into whether or not TMIP1 was partially or fully esterified during
the reaction with diazomethane, we examined the carbonyl signals in the various

13

C

NMR spectra. The carbonyl signals did indeed vary across our spectra, with signals
ranging from 177.3 to 178.2 ppm. The trend of the carbonyl peak shifting to a more
shielded position when an acid is converted to its corresponding methyl ester is a wellprecedented phenomenon [Breitmaier et al., 1987]. While the EGDMA cross-linker
provides a large number of ester carbonyls in all of the polymers, the MIP1 and NIP1 still
have a significant number of carboxylic acid groups (the 7:8 molar ratio of EGDMA to
MAA used should lead to an approximate 14:8 (or 7:4) ester to acid ratio). PMMA, on
the other hand, should contain only ester carbonyls and hence yield a more shielded
carbonyl signal. This is indeed observed, with PMMA falling at 177.3 ppm and NIP1 and
MIP1 (in the absence of the template) at 178.2 and 178.1 ppm, respectively. TNIP1, which
lacked any template binding to mask the acid residues, afforded a carbonyl signal at
177.3 ppm, consistent with exhaustive esterification and hence a polymer of nearly
identical primary structure to PMMA. This is further underscored by comparison of their
full spectra. Critically, at 177.5 ppm, the chemical shift of the carbonyl signal of TMIP1
was intermediate between these two extremes, thus supporting our expectation of partial
esterification of the MAA residues (Table 3.5). While the broad nature of signals in solidstate 13C NMR spectra do not afford the opportunity for a more quantitative analysis, this
trend of the chemical shifts of the carbonyl peaks is heavily corroborated by our
electrophoretic mobility data (Table 3.4).
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Table 3.5 Carbonyl signals in NIP1, MIP1, TMIP1, TNIP1, and PMMA.
Polymer

Carbonyl signal (ppm)

NIP1

178.2

MIP1

178.1

TMIP1

177.5

TNIP1

177.2

PMMA

177.2

1

Figure 3.1 13C NMR spectra of TMIP1, NIP1, MIP1 without BPA and MIP1 with BPA.
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Figure 3.2

13

C NMR spectrum of PMMA.

Figure 3.3 13C NMR spectrum of TNIP
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3.2 Optimization of Template to Functional Monomer Molar Ratio
Approach
The molar ratio of BPA to MAA was modified in an attempt to reduce or eliminate nonspecific binding sites in the MIP. This straightforward approach could be an effective
method to enhance the selectivity of MIP toward BPA without the use of diazomethane
treatment. All TMIP, MIP, TNIP and NIP particles were tested for their BPA selectivity,
using DFC and MF as negatively and positively charged interferents, respectively. As the
molar ratio of BPA to MAA increases, the binding selectivity of MIP for BPA is
enhanced, as can be seen in Table 3.6. DFC exhibits slightly higher affinity towards
MIP8, MIP9 and MIP10 than the other MIPs, probably due to stronger hydrophobic
interaction with these former MIP particles as the ratio of MAA to EGDMA decreases,
and the polymer becomes less negatively charged. Obviously, MIP10 shows the lowest
binding affinity toward metformin (MF), both individually and in mixture, which, in
conjunction with the electrophoretic mobility data, indicates that this polymer has the
lowest negative charge among the MIPs. All percent binding results of BPA, DFC and
MF (individually and in mixture), as well as electrophoretic mobility, are presented in
Figure 3.4 for each MIP prepared with a different BPA mole %. A significant decrease in
% binding for MF and a slight increase in % binding for DFC are clearly seen when
going from MIP2 to MIP10, all of which exhibit a constant 99% binding for BPA.
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Table 3.6 Percent binding results for BPA, DFC and MF (individually and in mixture)
and electrophoretic mobility for BPA MIPs.

MIPs
(BPA:MAA:EGDMA
molar ratio)

Mole %

% Binding (individual)

% Binding (mixture)

BPA in

mobility

MIP
Preparation

Electrophoretic

BPA

DFC

MF

BPA

DFC

MF

(10-9 m2V-1s-1)

MIP2 (1:9:7)

6

99 ± 1 13 ± 1 84 ± 1 99 ± 1 11 ± 1 81 ± 1

24

MIP3 (2:8:7)

12

99 ± 1 15 ± 1 69 ± 1 99 ± 1 13 ± 1 70 ± 1

26

MIP4 (3:7:7)

18

99 ± 1 16 ± 1 69 ± 1 99 ± 1 11 ± 1 64 ± 1

27

MIP5 (4:6:7)

24

99 ± 1 13 ± 1 67 ± 1 99 ± 1 12 ± 1 63 ± 1

27

MIP6 (5:5:7)

29

99 ± 1 17 ± 1 61 ± 1 99 ± 1 17 ± 1 61 ± 1

27

MIP7 (6:4:7)

35

99 ± 1 19 ± 1 60 ± 1 99 ± 1 15 ± 1 57 ± 1

28

MIP8 (7:3:7)

41

99 ± 1 29 ± 1 59 ± 1 99 ± 1 27 ± 1 55 ± 1

30

MIP9 (8:2:7)

47

99 ± 1 29 ± 1 51 ± 1 99 ± 1 28 ± 3 48 ± 1

30

MIP10 (9:1:7)

53

99 ± 1 25 ± 1 32 ± 1 99 ± 1 25 ± 1 33 ± 1

30
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the electrophoretic mobility values (which indicate a fairly constant electronic charge to
particle size ratio for all of the polymers). The apparently higher values of electrophoretic
mobility for NIPs do not necessarily mean higher electronic charges, but rather smaller
sizes than MIPs, due to the absence of imprinted cavities in the NIPs (vide infra).
Table 3.7 Percent binding results for BPA, DFC and MF (individually or in mixture) and
electrophoretic mobility for NIPs.

NIPs

% Binding (individual)

% Binding (mixture)

mobility

(MAA:EGDMA
molar ratio)

Electrophoretic

(10-9 m2V-1s-1)

BPA

DFC

MF

BPA

DFC

MF

NIP1 (9:7)

80 ± 1

25 ± 1

70 ± 1

75 ± 1

25 ± 1

73 ± 1

29

NIP2 (8:7)

88 ± 1

26 ± 1

73 ± 1

75 ± 1

18 ± 2

67 ± 1

27

NIP3 (7:7)

91 ± 1

29 ± 1

71 ± 1

92 ± 1

33 ± 2

74 ± 1

28

NIP4 (6:7)

92 ± 1

31 ± 1

62 ± 1

92 ± 1

25 ± 2

60 ± 1

29

NIP5 (5:7)

91 ± 1

29 ± 2

75 ± 1

96 ± 1

32 ± 1

62 ± 1

29

NIP6 (4:7)

90 ± 1

25 ± 1

69 ± 1

97 ± 2

28 ± 3

58 ± 1

28

NIP7 (3:7)

99 ± 1

32 ± 1

55 ± 2

99 ± 1

38 ± 2

58 ± 1

28

NIP8 (2:7)

99 ± 1

37 ± 1

58 ± 1

99 ± 1

39 ± 1

54 ± 1

28

NIP9 (1:7)

96 ± 1

40 ± 1

50 ± 1

99 ± 1

43 ± 1

56 ± 1

28
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3.2.1 Esterification of MIPs with Diazomethane
To enhance selective binding with the target analyte molecules, diazomethane treatment
was chosen as an alternative or combined approach to reduce or eliminate non-specific
binding sites in the MIPs [Greene et al., 2005; Umpleby et al., 2001]. In Table 3.8, all
TMIPs showed diminished binding affinity toward MF, a positively charged compound.
In particular, TMIP2 revealed the lowest binding affinity toward MF, at 9% ± 1%
individually and 10% ± 1% in mixture. Unlike our MIPs, BPA binding affinity toward
TMIP2 in the three-component mixture shows a slightly lower binding affinity of 91% ±
1%. As the molar ratio of BPA is increased in Table 3.8, the binding affinity of TMIPs is
enhanced up to 99% (both individually and in the mixture for TMIP5 to TMIP10)
presumably as a result of an increase in the number of specific binding sites. All TMIPs
show less binding affinity than MIPs toward DFC, particularly TMIP2 at only 6% ± 1%
individually and 8% ± 1% in mixture. TMIPs also show significantly less binding affinity
toward MF when compared to MIPs, which indicates a decrease of electrostatic
interactions between MF and the polymer. Comparing the binding affinity of MF in the
three-compound mixture, TMIP2 demonstrates the most dramatic decrease, dropping to
10% from 73% for MIP2. All binding results are presented in Figure 3.5 for each TMIP.
The separation of BPA data points at the top from those for DFC and MF near the bottom
is a very distinctive and impressive illustration of the high selectivity offered by TMIPs
toward the target analyte.
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Table 3.8 Percent binding results for BPA, DFC and MF (individually or in mixture) and
electrophoretic mobility for TMIPs.
TMIPs
(BPA:MAA:
EGDMA
molar ratio)

Mole
%
BPA in
MIP
Preparation

% Binding (individual)

% Binding (mixture)

Electrophoreti
c
mobility

BPA

DFC

MF

BPA

DFC

MF

(10-9 m2V-1s-1)

TMIP2 (1:9:7)

6

99 ± 1

6±1

9±1

91 ± 3

8±1

10 ± 1

20

TMIP3 (2:8:7)

12

99 ± 1

12 ± 1

19 ± 1

95 ± 1

12 ± 1

22 ± 1

24

TMIP4 (3:7:7)

18

99 ± 1

12 ± 1

23 ± 1

92 ± 2

11 ± 1

21 ± 1

23

TMIP5 (4:6:7)

24

99 ± 1

12 ± 1

22 ± 1

99 ± 1

11 ± 1

20 ± 1

20

TMIP6 (5:5:7)

29

99 ± 1

11 ± 1

20 ± 1

99 ± 1

15 ± 1

25 ± 1

21

TMIP7 (6:4:7)

35

99 ± 1

20 ± 1

13 ± 1

99 ± 1

15 ± 1

18 ± 1

21

TMIP8 (7:3:7)

41

99 ± 1

23 ± 1

15 ± 1

99 ± 1

17 ± 1

18 ± 1

20

TMIP9 (8:2:7)

47

99 ± 1

21 ± 2

14 ± 1

99 ± 1

20 ± 2

14 ± 1

20

TMIP10
(9:1:7)

53

99 ± 1

20 ± 1

14 ± 1

99 ± 1

17 ± 1

13 ± 1

20
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BPA: MAA: EGDMA polymer were to no avail because the particles could not be
uniformly dispersed in water samples to perform consistent binding tests.
Table 3.9 Percent binding results for BPA, DFC and MF (individually or in mixture) and
electrophoretic mobility for various TNIPs.

TNIPs

% Binding (individual)

% Binding (mixture)

(MAA:EGDMA
molar ratio)

Electrophoretic
mobility

BPA

DFC

MF

BPA

DFC

MF

(10-9 m2V-1s-1)

TNIP2 (9:7)

99 ± 1

18 ± 1

54 ± 1

99 ± 1

14 ± 1

41 ± 1

25

TNIP3 (8:7)

99 ± 1 10 ± 1

27 ± 1

90 ± 1

14 ± 1

27 ± 1

24

TNIP4 (7:7)

99 ± 1

16 ± 1

38 ± 1

90 ± 1

16 ± 1

30 ± 1

24

TNIP5 (6:7)

99 ± 1

17 ± 1

30 ± 1

99 ± 1

19 ± 1

26 ± 1

23

TNIP6 (5:7)

99 ± 1

19 ± 2

17 ± 1

99 ± 1

40 ± 1

36 ± 1

24

TNIP7 (4:7)

99 ± 1

26 ± 1

30 ± 1

99 ± 1

26 ± 1

16 ± 1

24

TNIP8 (3:7)

99 ± 1

24 ± 1

29 ± 1

99 ± 1

37 ± 1

22 ± 1

24

TNIP9 (2:7)

99 ± 1

36 ± 1

27 ± 1

99 ± 1

30 ± 1

20 ± 1

23

TNIP10 (1:7)

99 ± 1

45 ± 1

31 ± 1

99 ± 1

54 ± 1

30 ± 1

22
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3.2.2 Non-specific Binding Properties
The non-specific binding properties of MIP, NIP, TMIP and TNIP particles were further
investigated by CE-UV analysis of baclofen (BFN), which is a zwitterionic derivative of
γ-aminobutyric acid and is primarily used to treat spastic movement disorders. Although
its pKb is 3.9 and its pKa is 9.8 [Drug bank, 2005], the BFN peak was not be separable
from the BPA peak and hence appeared to be a neutral compound. As summarized in
Table 3.10, the binding results for BFN are unexpected – significantly lower than those
discussed above for BPA and fairly similar to those for diclofenac sodium. It is well
known that BPA has a pKa value between 9.6 and 11.3 [Bing-zhi et al., 2010] and an
octanol-water partitioning coefficient (Kow) value of 103.4 [Cousins et al., 2002]. The
latter property indicates that BPA is a significantly more hydrophobic compound than
BFN, which has a log partition coefficient (log P) value of - 0.80 ± 0.02 [Drug bank,
2005] or a partition coefficient (P) value of 0.16. Figure 3.6 presents the percent binding
results of BFN for each MIP and TMIP prepared with a different mole % of BPA.
Despite the scatter of data points between 5% binding and 20% binding, BFN behaves
similarly to DFC (see Figure 3.4 and Figure 3.5), which has a pKa value of 4.0 [Sandoz
Inc., 2007] and a larger molecular size. While their non-specific binding mechanisms
(including hydrophobic and ionic interactions) may appear challenging at this time, it is
definitely worthy of more systematic investigation.
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Table 3.10 Percent binding results for BFN (individually) with various MIPs, NIPs,
TMIPs and TNIPs.
Baclofen
% Binding (individual)
MIPs

NIPs

TMIPs

TNIPs

MIP2= 13 ± 3

NIP2 = 14 ± 1

TMIP2 = 5 ± 2

TNIP2 = 8 ± 3

MIP3= 7 ± 3

NIP3 =16 ± 2

TMIP3 = 12 ± 2

TNIP3 = 10 ± 3

MIP4 = 7 ± 3

NIP4 = 16 ± 2

TMIP4 = 14 ± 2

TNIP4 = 7 ± 2

MIP5 = 6 ± 3

NIP5 = 17 ± 2

TMIP5 = 10 ± 1

TNIP5 = 4 ± 3

MIP6 =10 ± 2

NIP6 = 16 ± 2

TMIP6 = 7 ± 3

TNIP6 = 4 ± 3

MIP7 = 10 ± 2

NIP7 = 10 ± 3

TMIP7 = 10 ± 2

TNIP7 = 6 ± 2

MIP8 =14 ± 2

NIP8 = 7 ± 2

TMIP8 = 8 ± 2

TNIP8 = 6 ± 3

MIP9 = 10 ± 1

NIP9 = 7 ± 3

TMIP9 = 7 ± 2

TNIP9 = 8 ± 3

MIP10 = 10 ± 1

NIP10 = 9 ± 2

TMIP10 = 10 ± 2

TNIP10 = 12 ± 3
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non-specifically with the MIPs not more than 29% (see Figure 3.4 and Table 3.6) whether
they are zwitterionic or negatively charged in aqueous samples. Site-selective chemical
modification with diazomethane, however, can decrease their non-specific bindings down
to 23% (see Figure 3.5 and Table 3.4).
Table 3.11 HPLC-UV peak heights, peak areas and retention times for BFN, BPA, DFC
and MF.

Concentration

Peak area

Peak height

(ppm)

Retention time
(min)

MF (200)

679024

38547

2.5

DFC (200)

49417648

1205569

3.6

BFN (200)

12274367

417392

4.1

BPA (100)

32571576

1487642

6.6
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Figure 3.7 HPLC analysis of a mixture of BPA (100 ppm) at 2.5 min, BFN (200 ppm) at
3.6 min, DFC (200 ppm) at 4.1 min and MF (200 ppm) at 6.6 min. Mobile phase:
CH3CN/MeOH/DDW (1:1:1 v/v); flow rate, 0.8 mL/min; UV detection at 200 nm.

3.2.3 Average Size of MIPs and NIPs vs TMIPs and NTIPs
The average sizes of MIP, NIP, TMIP and TNIP particles were determined by scanning
electron microscopy (SEM). The SEM images in Figure 3.8 show both the size and the
size distribution of polymer particles. MIP particles were approximately 169-190 nm in
diameter and NIP particles were approximately 112-115 nm. Similarly, TMIP particles
were >180 nm in diameter and TNIP particles were >137 nm. These particle sizes were
confirmed by dynamic light scattering (DLS) analysis shown in Figure 3.9 that reported a
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diameter of 208 ± 2 nm for MIP, 157 ± 1 nm for NIP, 212 ± 2 nm for TMIP, and 208 ± 1
nm for TNIP. Such similar sizes of the TMIP and TNIP particles are consistent with their
electrophoretic mobility values presented in Table 3.8 and Table 3.9

MIP particles

NIP particles

TMIP particles

TNIP particles

Figure 3.8 SEM analysis of MIP, NIP, TMIP and TNIP particles.
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MIP particles

NIP particles

TMIP particles

TNIP particles

Figure 3.9 DLS analysis of MIP, NIP, TMIP and TNIP particles.

3.3 Selective Extraction of BPA by TMIP6 in Aqueous and and Milk
Samples
3.3.1

Selective Extraction of BPA in Aqueous Solutions

For improvement of binding selectivity, our MIPs were subjected to treatment with an
ethereal solution of diazomethane, which is known as a powerful methylating agent to
esterify carboxylic acid groups [Sammakia, 2001] in the non-specific binding sites.
Among all of our TMIPs, TMIP6 was chosen to perform selective extraction of BPA in
the presence of other compounds that were zwitterionic, negatively, or positively charged
in aqueous solutions, and its selectivity was tested by CE-UV and HPLC-UV analyses.
TMIP6 results were then compared with a commercially available MIP for BPA,
following the same testing condition. The goal of this comparison is to test the efficiency
and selectivity of the TMIP6 particles with a well-known commercially available MIP for
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BPA. The chemical structures and pKa values of those pharmaceutical compounds are
presented in Table 3.2 and Table 3.12.
Table 3.12 Chemical structures and pKa values of BPA, BFN, CAF, DFC, DYE, FRU
and MF.
Compound

Chemical structure

pKa (pKb)
Electronic charge state in 10 mM Na2HPO4
(pH 7.5 ± 0.2)

Baclofen

9.5 (3.7) [Castro et al., 1991]

(BFN)

Zwitterionic

Caffeine
(0.61) [Hodgman, 1951]
(CAF)
Neutral

11 [Regan et al., 2005]
Dyphylline
(0.31) [ACD Labs, 2007]
(DYE)
Neutral

D-Fructose (FRU)

12 [Tang et al., 2007]
Neutral
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As summarized in Table 3.13, when dispersed as 20 mg of particles in 2 mL of sample,
the TMIP6 exhibits highly efficient binding (up to 99%) with the target BPA in DDW and
BGE. It also demonstrates strong selectivity with significantly lower percent binding with
other molecules: 1-8 % for BFN (zwitterionic), 4-15 % for DFC (negatively charged) and
22-26 % for MF (positively charged). This binding behavior shows both the specific
imprinting effect and the non-specific hydrophobic effect. Interestingly, the TMIP6 did
not bind with BPA, BFN or DFC in the presence of MeOH and ACN. The solubility of
BPA is substantially higher in both MeOH and ACN than in water and this has a highly
adverse impact on its binding affinity to the TMIP6. Indeed, MeOH was used to wash the
BPA out of the MIPs and TMIPs. It can be argued that changing the solvent also changed
the swelling of the polymer, thus altering the shape of binding cavities. The TMIP6 was
next compared to the commercial MIP. Dispersion of 20 mg of commercial MIP particles
in 2 mL of sample resulted in high binding affinity not only for the BPA target but also
toward BFN (34-70%) and DFC (99%) in DDW and BGE. This observation was
unexpected, in that the binding properties did not seem to be very specific. However, the
commercial MIP showed lower binding affinity toward MF than the TMIP6. When 2 mL
of a sample containing BPA, BFN, DFC and MF was percolated through the commercial
MIP cartridge, BFN (40-93%) and DFC (96-99%) were bound in DDW, BGE and
DDW/MeOH/ACN. This was another sign that the commercial MIP lacked specific
recognition for BPA, particularly in the presence of the zwitterionic and negatively
charged molecules, BFN and DFC. All evidence points to the anion exchanger nature of
the commercial MIP, which can be compared to the use of 1-allyl-2-thiourea as a
functional monomer [Puzio et al., 2014].
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Table 3.13 Percent binding of commercial MIP cartridge, commercial MIP particles and
TMIP6 particles with BPA, BFN, DFC and MF spiked in DDW, 10 mM Na2HPO4 in
DDW and DDW/MeOH/ CH3CN (1:1:1) based on CE-UV and HPLC-UV analyses.
Percent bindings of target and interfering compounds
Solvent for
sample
preparation

DDW

BGE
(10 mM Na2HPO4 in DDW)

DDW /
MeOH / ACN
(1:1:1 by
volume)

Analytical
method

CE-UV

HPLC-UV

CE-UV

HPLC-UV

HPLC-UV

TMIP6
particles a

BPA = 99 ± 1

BPA = 80 ± 1

BPA= 99 ± 1

BPA = 94 ± 1

BPA = 0

BFN = 8 ± 2

BFN = 2 ± 1

BFN = 7 ± 3

BFN = 1 ± 1

BFN = 0

DFC = 5 ± 1

DFC = 9 ± 1

DFC= 15 ± 1

DFC = 4 ± 1

DFC = 0

MF = 26 ± 1

---

MF = 22 ± 1

---

---

BPA= 99 ± 1

BPA = 91 ± 1

BPA= 97 ± 2

BPA = 83 ± 2

BPA = 91 ± 1

BFN= 62 ± 3

BFN = 56 ± 1

BFN = 68 ±1

BFN = 70 ± 1

BFN = 34 ± 1

DFC= 99 ± 1

DFC= 99 ± 1

DFC = 99 ±1

DFC = 80 ± 2

DFC = 99 ± 1

MF= 4 ± 1

---

MF = 5 ± 2

---

---

BPA= 99 ± 1

BPA = 97 ± 1

BPA= 99 ± 1

BPA = 98 ± 1

BPA = 85 ± 1

BFN = 68 ± 1

BFN = 68 ± 1

BFN = 93 ±1

BFN = 89 ± 1

BFN = 40 ±1

DFC = 99 ± 1

DFC = 96 ± 3

DFC = 99 ± 1

DFC = 99 ± 1

DFC = 99 ± 1

MF = 22 ± 1

---

MF = 14 ± 1

---

---

Commercial
MIP
particles a

Commercial
MIP
cartridge b

a

20 mg dispersed in 2 mL of sample.

b

100 mg of particles for 2 mL of sample.
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3.3.2 Selective Extraction of BPA in Milk Samples
Dilution of milk with BGE was a simple and effective means of sample preparation for
CE-UV analysis. Spiking the sample with BPA, BFN, CAF, DFC, DYE, FRU and MF
enabled comparison of the binding properties of the TMIP6 and the commercial MIP
toward BPA in milk. CE allowed the centrifugation step to be omitted and the particles
would just appear as a broad peak (extending from 5 min to 16 min) above the
electropherogram baseline, as shown for the commercial MIP particles with DYE in
Figure 3.10 (b). As presented in Table 3.14, both the TMIP6 and commercial MIP
(whether as dispersed particles or a packed cartridge) recovered BPA in the spiked milk
samples at the 80-85% binding level. They both demonstrated low bindings toward
positively charged compound MF (16-20% at 200 ppm). CE-UV analysis of lactose
(which makes up 2–8% of milk by weight) was not feasible because lactose does not
absorb much 190 nm UV light, even at a concentration of 30 mg/mL; however, FRU
exhibited a low binding affinity for both polymers (8-10% at 30000 ppm, partly due to
saturation of available non-specific sites). However, the commercial MIP exhibited high
affinity toward the nitrogenous neutral compounds CAF (39-51%) and DYE (16-63%), as
well as the zwitterionic BFN (50-78%), indicating a lack of specificity for the BPA
target. This is in stark contrast to the TMIP6, which weakly bound to BFN (3%), CAF
(11%) and DYE (6%). Apparently the TMIP6 was highly selective toward BPA in the
presence of these neutral compounds, unlike the commercial MIP.
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Table 3.14 Percent bindings of TMIP particles, commercial MIP particles and
commercial MIP cartridge with BPA, BFN, CAF, DFC, DYE, FRU and MF spiked in
milk samples, based on CE-UV analyses.
Solid phase extraction after spiking milk with

Percent

standard solution (to final concentration)

interfering compounds

TMIP6 particles a

BPA = 85 ± 1

BPA (200 ppm) and MF (200 ppm)

MF = 18 ± 1

BFN (200 ppm)

BFN = 3 ± 2

CAF (200 ppm)

CAF = 11 ± 1

DYE (200 ppm)

DYE = 6 ± 1

FRU (30000 ppm)

FRU = 8 ± 2

Commercial MIP particles a

BPA = 82 ± 1

BPA (200 ppm) and MF (200 ppm)

MF = 20 ± 1

BFN (200 ppm)

BFN = 50 ± 1

CAF (200 ppm)

CAF = 39 ± 2

DYE (200 ppm)

DYE = 50 ± 4

FRU (30000 ppm)

FRU = 10 ± 2

Commercial MIP cartridge b

BPA = 82 ± 2

BPA (100 ppm) and MF (200 ppm)

MF = 16 ± 2

BFN (200 ppm)

BFN = 78 ± 2

CAF(200 ppm)

CAF = 51 ± 2

DYE (200 ppm)

DYE = 63 ± 1

FRU (30000 ppm)

FRU = 8 ± 2

a

20 mg dispersed in 2 mL of sample.

b

bindings

of

target

and

100 mg of particles for 2 mL of sample.
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4. Conclusions and Future Work
4.1 Conclusions
Treating the BPA-molecularly imprinted polymer particles with diazomethane to esterify
the undesired non-specific binding sites (and maintain the desired specific binding sites
intact) has been achieved. In the first stage of this project, selective post chemical
modification of MIPs with diazomethane was successfully done. When the selective
treatment was completed, and the template was then removed, the selectivity of TMIP1
toward BPA, in the presence of other organic compounds, compared favorably with nontreated MIP1. Even in the presence of positively charged compounds and negatively
charged compounds, the treated imprinted particles afford higher selectivity for BPA in
comparison with non-esterified imprinted particles. A very significant decrease in affinity
of metformin (a positively charged compound) toward the TMIP1 particles was also
observed in comparison with the non-esterified MIP particles. To prove the partial
esterification of TMIP1 by diazomethane, electrophoretic mobility and solid-state

13

C

NMR methods were used to measure the negative charge and to examine the carbonyl
signals of TMIP1, respectively, in comparison with non-treated MIP1. Electrophoretic
mobility results show that TMIP1 has a lower negative charge than the non-treated MIP1,
which is an indication of a decrease in the number of carboxylic acids (methyl
methacrylic acids) as a result of the partial conversion to MMA (methyl methacrylate) by
diazomethane. The carbonyl peak of TMIP1 in the solid-state 13C NMR spectrum is also
further evidence for the partial esterification of MAA monomers to the corresponding
MMA. The TMIP1 carbonyl peak is shifted to a more shielded position (177.6) ppm in
comparison with MIP1, which has a carbonyl peak at 178.1 ppm. This trend of shifting of
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the TMIP1 carbonyl peak is a well-known phenomenon for the conversion of an acid to
its corresponding methyl ester.
In the second stage of this project, another approach – the optimization of template to
functional monomer ratio – was explored in parallel to, and in conjunction with, SSCM.
This approach was based on increasing the molar ratio of BPA (the template molecule) to
MAA (the functional monomer). The results of this approach show that as the ratio of
BPA to MAA increases from 1:9 (in MIP1) to 9:1 (in MIP10), the binding selectivity
toward the target analyte (BPA) is enhanced. Specifically, MIP10 has the lowest binding
affinity toward metformin in comparison with other MIPs, which have lower BPA: MAA
molar ratios. However, although the binding affinity toward the positively charged
compound (MF) is improved (from 81% for MIP2 to 33 % for MIP10), the binding affinity
toward the negatively charged compound (DFC) is slightly increased (from 11% for MIP2
to 25 % for MIP10); the DFC increase was mainly due to elevated hydrophobic
interactions from MIP2 to MIP10. To enhance the selectivity of all these modified MIPs,
the diazomethane approach was combined with this ratio approach. The results show that
as the ratio of BPA to MAA increases (starting from TMIP5 to TMIP10), the binding
affinity toward BPA increase probably due to an increase in the number of specific
binding sites. All the treated MIPs (TMIP2 to TMIP10) show a lower binding affinity
toward the negatively charged compound (DFC), the positively charged compound (MF),
and the zwitterionic compound (BFN) in comparison with non-treated MIPs (MIP2 to
MIP10). In summary, the diazomethane treatment approach is further proven to be a
powerful technique to eliminate the undesired sites in MIPs, and using the optimization
of template to functional monomer ratio is an excellent approach to increase the specific
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binding sites in MIPs. Hence, by combining those two approaches, selective TMIPs
(TMIP5 to TMIP10) toward BPA, in the presence of other charged molecules, were
successfully obtained.
In the third stage of this M.Sc. project, TMIP6 was chosen to perform selective extraction
of BPA in both aqueous solutions and milk samples and its binding results were
compared with those for a commercially available MIP. Both HPLC-UV and CE-UV
analysis results show that TMIP6 exhibits highly efficient binding with the target BPA
(up to 99%), and it has a lower binding affinity toward the negatively charged compound
(DFC) in comparison with the commercial MIP in both DDW and BGE. In milk analysis,
CE proved itself to be an effective technique for the separation of BPA from all
constituents of milk. The results indicated TMIP6 can selectively extracted BPA in the
presence of zwitterionic (DFC), positively charged molecules (MF) and neutral
molecules (CAF, DYE, and FRU) in milk samples. Contrary to TMIP6, the commercial
MIP did not show high selectivity for BPA extraction in the presence of zwitterionic
BFN, anionic DFC, or neutral CAF and DYE compounds. One plausible explanation is
that the commercial MIP has an anion exchanger nature.
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4.2 Future Work
MIP-based sensors for the determination of toxic molecules in contaminated
environments have recently attracted analytical chemists. The fundamental element in
this approach is to create a connection between the target binding event and a signal
transducer. When MIP particles are combined with a transducer in a proper formation,
sensors along with the recognition elements can identify and quantify the target
compound by converting the target compound-MIP rebinding into a quantifiable signal as
shown in Figure 4.1.

Figure 4.1 MIP-based sensors (Guan et al., 2008).
In this project, after our examination of the selectivity of TMIP toward its target analyte
(BPA), our TMIP particles could be a useful material in sensor applications such as a
BPA sensor. Thus, TMIP based sensors will be made by the assembly of TMIP particles
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onto the transducer surface, so when the target analyte (BPA) rebinds into the recognition
element in the TMIP, the binding creates to a measurable signal. It is hoped that we can
establish fast and low-cost TMIP-based BPA sensors; however, the transducer
mechanism and engineering design are still currently challenging to many experts in the
sensor field and this research will not be trivial.
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