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ABSTRACT

In this study, it was to develop molecularly imprinted polymer nanoparticles
(MIPs nanoparticles) for selective recognition to (R)-, and (S)-thalidomide for
assessment of chiral drugs in blood. The selectivity of these materials that enable
them to selectively bind the (R)-thalidomide and (S)-thalidomide was created using
either as a core shell and non-core shell polystyrene. Firstly, the MIP microspheres
were produced using a mixture of methacrylic acid (MAA) and 1-vinyl-2-pyrolidone
as a mixed functional monomer that was then cross-linked using N,N'-(1,2-
dihydroxyethylene) bisacrylamide (DHEBA), followed by high pressure
homoginization. The amounts of the added monomers required to prepare the
resultant MIP nanoparticles were optimized. To ensure that the imprinting affect its
suitability for the combination of MIPs and other ingredients into a nanosized scale
was examined. The performances of the thalidomide imprinted nanoparticles were
characterized using Fourier Transform Infrared Spectroscopy (FT-IR), scanning
electron microscope (SEM) and a zeta nanosizer. In addition the atomic force

microscopy images of the molecularly imprinted nanoparticles were obtained to



examine the surface behaviors and force curve analysis. They were mixed with the
resin to study the recognition ability by the different MIPs solid-phase extraction for
enrichment the two enantiomers and racemic compounds followed by their detection
by HPLC. It was shown that each of the enantiomers was recognized by the
appropriate MIP and enriched it in the presence of the other biomolecules into the
blood.

These molecularly imprinted nanoparticles were then attached to a glass
substrate and used to form an interdigitated capacitive electrode to develop a highly
sensitive and specific sensor to detect each of the enantiomeric drugs. In the
preparation processes the monomer ratios were optimized to favor complexation with
the crosslinking monomer during the polymerization process. The imprinted thin-
films supported on the interdigitated capacitance electrode (IDC) allowed for a rapid
binding the individual thalidomide enantiomer after sensing and reaction on the
surface. Upon sensor measurement, the resistance signals were gradually increased
when increase the concentration of thalidomide, but at a low concentration the
resistance signal reached plateau or even reduced which depended on the MIP
formulation, because of the release of the thalidomide from the MIPs. They provided
the resistance signal with linearity (R%) > 0.990 in the range of 0.025 to 100 pg mL™.
The MIP-based IDC showed high sensitivity and selectivity at low concentration
detection for thalidomide down to 6.4 ng mL™ in the presence of biological matrix.
This led to interactions between the imprinted nanoparticles and the enantiomers from
bovine serum albumin, associated with cholesterol and ceramide that were the
interfacial regions on the films. Atomic force microscopy (AFM) and surface

enhanced Raman spectroscopy (SERS) were used to examine the nanometered



topographical surface onto the surface of the electrode after exposure to the matrix.
The results revealed that, the interaction forces on the surface of 100 nN for (R)-
thalidomide, but a very low surface force (0.1 nN) for (S)-thalidomide with a high
hysteresis and confirmed the interaction of the localized thalidomide enantiomers into
the blood component enabled of distinguishing different local regions, better special
resolution in the depth detection of 1 A with the SERS spectra.

Thus, the developed MIP nanoparticles with various chemical functional
precursors on the films of polymer yielded adjusting in low detection limit of the
analyte in blood sample. Taking sensor together with the detection of significant force
of enantiomers and SERS images, we can measured the amount of thalidomide
relevant within particular biological component exposed to whole blood, that can
manipulate the mechanism of molecule interaction of both enantiomers. The MIPs for
recognition of (R)- and (S)-thalidomide can be used for enantiomer separation and
they have highly potential for the evaluation of efficient drug delivery and the

approach to design the assessment for clinical effect.
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CHAPTER 1

INTRODUCTION

1.1 Overview and general introduction

1.1.1 Chirality and importance of chirality in drug action

Chirality is property of the matters that has the mirror images, same chemical
composition and has 2 dimensions. This phenomenon is found in the biological
system, such as amino acids, carbohydrates, lipids and nucleic acid. However, in
chiral environments such as the receptors and enzymes in the body, that they can
behave differently because in the living system are chiral. Enantiomers of a chiral
drug play different chemical and pharmacological activities in in vivo. The difference
between 2 enantiomers of a drug on its binding site represent in biological process is
illustrated in Figure 1. The difference in 3-dimensional structure allows the active
enantiomer to bind and have a biological effect. The 3-dimensional structure also
prevents the inactive enantiomer from having a biological effect at the binding site
(McConathy et al., 2003). The chiral drug has about 50% in the market. So, the
stereoselectivity of the racemic therapeutics, are of important interesting in
pharmaceuticals and biomedical applications. The use of single-enantiomer drugs is
established that offered selective pharmacologic profiles and decreased drug
interactions. Consequently, the use of the single enantiomer would provide a superior

medication and may be preferred over the racemic form of the drug. The choice



between single enantiomers (homochiral drugs) and composite chiral drugs (mixtures
of stereoisomers) relies on the therapeutic advantages, such as enantiomeric
separation or purification, possible adverse side effects and development costs.
Therefore, it is necessary for studying the interaction and evaluation of chiral drugs

either in solution or biological matrix.
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Figure 1.1: The hypothetical interaction between the 2 enantiomers of a chiral drug

and its binding sites (McConathy et al. 2003).

Biomolecular interactions play an important role in many biological and
physiological processes (Hinterdorfer and Dufrene, 2006). It has importance for
screening of the active drugs exposed to a target site for ligands binding due to the
stereoconfigurations have different interactions in the biological recognition
processes. Molecular recognition has an essential role in the biological processes. The
use of biomimetic approach by molecular imprinting, that is the powerful technique to
generate the molecular recognition with a high selectivity inside the polymer matrix.

As the non-covalent imprinting approach was developed by Arshady and Mosbach



(Arshady and Mosbach, 1981) and this has increased the attraction for scientific
research because its simplicity production and mimic biological recognition materials.
The specificity for target binding of small organic compounds comes from a
combination of non-covalent interactions, such as hydrogen bonds, hydrophobic
interactions, dipole interactions or m- m interactions (Owens et al., 1999). In the
molecularly imprinted sites can selectively recognize and rebind the original template
molecule by an ability to memorize structure of stereoisomers molecules mimicking
to natural one. It is well known that different configurations lead to the stereoisomers
to have different interactions with natural receptors, enzymes and other binding
molecules that contribute to the diversity of biological responses. Over the last year
the application of molecular imprinting has been used in many fields of research such
as drug delivery (Kryscio et al., 2009), diagnostics (Sergey et al., 2006), analytical
application (Fuchs et al., 2012), environmental science (Calisto et al., 2011) and
biomimetic sensor (Wangchareansak et al., 2013). However, chemical recognition is
important for a selective material based on biomimetic system to stabilize the chiral
molecules when expose into the biological conditions and studied the mechanism of
the enantiomer drug.

A Dbiosensor provides a method that can detect a biologically relevant
compound. Development of a biosensor relies on the effect of different
polymerization processes. The biosensors are useful for monitoring specific
molecules, for detecting therapeutics, or for evaluating the activity of small organic
molecules such as drugs and chiral compounds. This method allows for a rapid and
sensitive alternative means for biosensing and creates robust and long-life sensing for

the active molecules. In addition, constructing biomimetic materials use for



application in biomedicine and drug delivery system based on molecular imprinting
that give the recognition with the binding sites. Therefore, the use of MIPs
micro/nanoparticles has ability to control the enantiomer on solid surface interactions
with the imprint of the original template. We have initiated new imprinting techniques
to enable identification of biologically active entities and the molecular structure of a
targeted drug of thalidomide enantiomer. The use of MIP-based configurational
biomimetic system receptors for identification of a molecular target can lead to
screening compounds with appropriate activities and optimizing them for better

specificities with and without the relevant biological component.



1.2 Thalidomide

Thalidomide was first introduced in the 1950s as a sedative and antinausea
medicine for pregnant women but severe teratogenic effects to a human fetus were
observed. These included a high number of miscarriages and most importantly fetal
malformations of newborns (McBride 1997) thus it was withdrawn from the market in
the early 1960s (Ahuja et al., 1997). Thalidomide has been reported to be remarkably
effective for the treatment of the debilitating and disfiguring lesions associated with
erythema nodosum leprosum and myelodysplastic syndrome. Inhibition of immune
and inflammatory responses and angiogenesis by thalidomide is related through
inhibition of cytokine-induced nuclear factor kB (NF-kB), tumor necrosis factor-a
(TNF-a), vascular endothelial growth factor (VEGF) (Eriksson et al., 1992; Sampaio
et al., 1991; Li et al., 2003; Fujita et al., 2001) . So, thalidomide brought back to use
because of the important role of thalidomide as an anticancer agent (Kumar et al.,
2004). Thalidomide is made and used as racemic mixture. The (R)- and (S)-
thalidomide enantiomers provide different pharmacological effects (Eriksson et al
2001; Teo et al 2004). (R)-thalidomide is responsible for the sedative properties,
while (S)-thalidomide has teratogenic and immunomodulatory properties. However,
individually enantiomers will rapidly racemize in in vivo. The (R)-thalidomide
undergoes a fast-rate bidirectional chiral inversion in basic condition and after
treatment in humans oral or intravenous doses, which (S)-thalidomide can be found in
blood when administering as pure (R)-thalidomide (Eriksson et al., 2001). In this
work, we consider the (R)-thalidomide and (S)-thalidomide as a model drug of this

study (Figure 1.2).



(S)-thalidomide

Figure 1.2: The structure of (R)-thalidomide and (S)-thalidomide.

Thalidomide (a-phthalimidoglutarimide), which is drug of interest, has been
shown to have potential as an immunomodulating agent and is an efficient inhibitor of
tumor necrosis factor-o (TNF-a) as an angiogenic agent. The drug has a chiral center
and in clinical practice is used as a racemate of the (S)-(-)- and (R)-(+)- enantiomers.
A method for separation and analysis by sensor measurement of thalidomide
enantiomers exposed to the biological matrix such as whole blood samples has been
studied. This can be achieved by generation for a recognition site in the polymeric
matrix using non-covalent imprinting approach. Therefore, the preparation of MIP

nanoparticles is made to create the recognition site for selectivity toward both (R)-and



(S)-thalidomide with in polymeric networks, which subsequent apply as a stamp to
procedure selective pattern of the chiral template with a gold electrode on the coated

thin-film.

1.3 Principal of molecularly imprinted polymer (MIPs)

Selective recognition onto the supporting electrode requires selective and
sensitive recognition of the target analyte. The biological systems such as antibodies,
receptor or enzyme for selective recognition are limitation. Those are ruggedness,
high mechanical properties and cost effectiveness. To overcome this problem,
synthetic materials have been interested in many application areas (Haupt et al., 2000;
Haupt et al., 2003; Poma et al., 2013). Molecular imprinting is an alternative
technique to produce the artificial recognition materials. This technique was
established in 1972 by Wulff and Sarhan. Molecular imprinting is an emerging
methodology for the creation of selective recognition sites in synthetic polymers
(Mosbach et al., 1996). This technique involves the polymerization of functional
monomers in the presence of a chosen template, and cross-linking monomer that
interact in the template molecules by non-covalent or covalent bonds in a porogenic
solvent. The template is then extracted, which will remain cavities with binding site
that are complementary in size, shape and chemical functionality to the template.
(Arshady et al., 1981; Wulff et al., 2013). Figure 1.3 summarized the principle of
molecular imprinting.

Molecularly imprinted polymers (MIPs) are artificial recognition materials

with recognition sites capable of rebinding a target molecule. It obtained by



polymerizing of functional monomers and cross-linking monomers around a template
molecule, leading to a three-dimensional network polymer. The monomers are
selected by interaction with the functional groups of the template molecule. The
polymerization has produced; the template molecule is then extracted that provided
the binding sites with size, shape and functionalities complementary to the target
analyte are established. The resulting MIPs maintain the selectivity inside the

molecules after the template removal.

Complex Polymerization Template
—_— — _—
formation Removal

Extraction Rebinding

Template Functional monomer Crosslinking monomer

Figure 1.3: General processes of molecular imprinting: Template molecule,
functional monomer and crosslinking monomer are dissolved into the porogenic
solvent. Then, polymerization process between the template and functional monomer
by self-assembly process. The binding sites and recognition cavities was produced by

template extraction.

Molecularly imprinted polymers exhibited many advantages such as thermal
and chemical stability, low cost, ease of preparation, high stability (Vlatakis et al.,
1993). A wide range of analytes can be applied to synthesis for electrochemical sensor

application by using molecular imprinting techniques from the subnano to microlevel



such as drugs (Suksuwan et al., 2015), herbicides (Sambe et al., 2007; Mirzajani et
al., 2107), peptides (Hoshino et al., 2008) viruses (Birnbaumer et al., 2009; Schirhagl
et al., 2010; Findeisen et al., 2012), erythrocytes (Ghosh et al., 2016) or
immunoglobulins (Schirhagl et al., 2010), also volatile organic compounds (Liu et al.,
2006; Mustafa et al., 2014) or ions (Latif et al., 2011), cell or yeast (Polreichova et
al., 2011), protein (Hoshino et al., 2010) or 2,4-dichlorophenol (Liu et al., 2016).

The advantages of MIPs led to the development of several of MIP applications
in sensor (Sontimuang et al., 2011; Bajwa et al., 2012; Jungreuthmayer et al., 2012;
Mustafa et al., 2014; Wackerlig et al., 2015; Oberlander et al., 2105), solid phase
extraction (Nestora et al., 2016), separation (Meyring et al., 2000; Gao et al., 2013),
capillary electrophoresis (Weinz et al., 1995), catalysis (Kirsch et al., 2009), and

sensor of environmental compounds (Suedee et al., 2004).
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1.4. Synthesis and characterization of MIPs
1.4.1 Polymer composition of MIPs
1.4.1.1 Monomer
Methacrylic acid (MAA) and 1-vinyl-2-pyrrolidone (NVP)

In the preparation procedure of MIPs, functional monomers are responsible for
the binding interactions in the imprinted binding sites. The monomers are usually
used in excess moles ratio of template to produce the template-functional monomer
assemblies. The functional group of monomer could interact with the functional group
of the template. Hydrogen bond is responsible for the molecular recognition
interaction of molecularly imprinted polymers. Methacrylic acid have carboxyl group
functions exhibit as a hydrogen donor and a hydrogen acceptor. The non-covalent
interactions are easily extracted by using acid or base. 1-vinyl-2-pyrrolidone is
responsible for hydrophobic interaction. In order to increase the complex formation
between functional monomer and template could be achieve by using co-monomer to

maximize the non-covalent interactions.
@ 0 I

Figure 1.4: The structure of methacrylic acid (MAA) (a) and 1-vinyl-2-pyrrolidone

(NVP) (b).
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1.4.2.1 Cross-linker

N,N’-(1,2-dihydroxyethylene) bisacrylamide (DHEBA)

The cross-linker has an importance to stabilize the imprinted polymer, the
morphology and stabilize the imprinted binding site of the obtained MIP. Moreover,
cross-linker responsible for the generation of porous materials and maintaining the
stability of the recognition sites. High amount of cross-linking supports the three-
dimensional structure corresponding with size, shape and chemical functionality of

the template after template removal.

Figure 1.5: The structure of N,N’-(1,2-dihydroxyethylene) bisacrylamide (DHEBA).

1.4.3.1 Porogenic solvent

Toluene

Porogenic solvents play an important role to produce the macroporous

polymers and effects to polymer morphology of MIP materials. It also stabilizes the

strength of non-covalent interactions. The important criteria of formation for MIPs is
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the choice of porogenic solvent for the polymerization processes. First of all, template
molecule, initiator, monomer and cross-linker have to be soluble in the porogenic
solvents. Then, the porogenic solvents related to make the polarity during complex

formation that affect to selectivity of MIP.
1.4.4.1 Initiator
2,2"-Azobisisobutyronitrile (AIBN)

The 2,2"-azobisisobutyronitrile (AIBN) is available to make radicals
molecules the initiation in the polymerization process that occurred by photolysis
(UV) or thermolysis. In the preparation process, purging the monomeric mixture with
inert gas of nitrogen is needed to remove the oxygen that influence the rates of

propagation process.

N H3C_ CH,
Sc N XK
oSRLIE W

H3C CHj;

Figure 1.6: The structure of 2,2"-azobisisobutyronitrile (AIBN).
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1.5 Molecularly imprinted polymerization process

The polymerization method used for the making of MIPs can be classified by
the nature of the interactions between the template and the functional monomer
throughout the polymerization process. The interactions can be either covalent or non-
covalent interactions. Three different approaches for the synthesis of MIPs have been
reported: covalent, semi-covalent and non-covalent. The covalent approach,
introduced by Wulff and Sarchan (Wulff and Sarchan 1972), involves the formation
of covalent bonds between template and monomers before polymerization processes.
Then, the template is removed from the polymer by cleavage of covalent bonds. It
produced the highest stability between the template-monomer interactions that
reduced the non-specific binding sites. The advantages of the covalent approaches
were no excess of functional monomer during the synthesis of the MIP. It could be
produce the homogeneous binding sites. Nevertheless, it is very difficult to extract the
template molecules because of the requirement of an acid hydrolysis procedure to
cleave the covalent bonds.

The semi-covalent approach is considered as an alternative approach to
synthesize MIP (Sellergren et al., 1990; Whitcombe et al., 1995). In this method, the
template-monomer is covalently bound before polymerization step, and then the
template extraction is done by non-covalent interactions. Self-assembling approach is
related to the biological recognition systems, that uses non-covalent forces, such as
hydrogen bonds, Van der Waals forces, and hydrophobic interaction. The non-
covalent was introduced by Arshady and Mosbach (Arshady et al., 1981), based on

the non-covalent interactions of hydrogen bonding, electrostatic interactions between
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template molecule and functional monomers and the other monomer before the cross-
linking polymerization. In the polymerization processes, the special binding sites are
formed by the self-assembly process between the template and monomer. The non-
covalent imprinting approach is related to the interaction of biological compounds.
This process is easily to find the monomers that able to interact with template and
provide high affinities of binding sites. The non-covalent approach is generally used

to produce MIPs. Several approaches have been used to synthesize MIPs.

1.5.1 Bulk polymerization

Molecularly imprinted microparticles have been synthesized via solution
polymerization method that was easily to prepare by grinding the imprinted polymer
monolith. The MIP particles used as a chromatographic stationary phase. However;
the bulk polymers requires time-consuming processes for sieving and then led to
irregular particles sizes, low packing quality for separation. Thus, they have to be
sieved to favor the desired particle size for the application (Silvestri ef al., 2005; Ye et
al., 2000). Therefore, it required straightforward method and commonly produces

MIP particles in narrow size distribution with high yield.
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1.5.2 Emulsion polymerization

The preparation processes of emulsion polymerization approaches were
prepared with a cross-linker, functional monomers and the templating as the organic
phase as a porogen. The aqueous phase were prepared by containing surfactant and
stabilizer, cross-linker as the aqueous phase to produce the stable emulsion and
homogeneous size (Vaihinger et al., 2002). The resulting MIP nanoparticles could
improve the homogeneous binding properties of the imprint sites. The mini emulsion
polymerizations were applied to detect the lysozyme. The lysozyme imprinted (MIP)
nanoparticles were prepared by mini-emulsion polymerization then dropping of
nanoparticle solution to the gold surface and dried at 37 °C for 6 h onto the QCM. It
shows the monolayer onto the surface and provided the high selectivity and sensitivity
in the aqueous solutions (0.2-1500 pg/mL) and natural sources (egg white) (460-1500
ng/mL) (Sener et al., 2010). In addition, the imprinted nanoparticle of lysozyme was
prepared for the attachment of surface plasmon resonance (SPR) sensor that showed
the lowest concentration at 32.2 nM (Sener et al., 2011). It using of sodium dodecyl
sulfate (SDS) for emulsion polymerization which it was toxic to cells and cannot be
completely removed (Schirhagl et al., 2010) and the protocol requires many synthesis

steps to produce the nanoparticles.
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1.5.3 Precipitation polymerization

Precipitation polymerization was first synthesized in 1999 to obtained MIP
nanoparticles (Ye et al., 1999). Precipitation polymerization is done by cross-linking
polymerization in highly diluted monomer solutions containing the template in the
monomeric mixture. This continuous phase is a non-solvent for the formed polymer.
This method provided the cheap syntheses of monodisperse spherical particles in high
purity and could be obtained the nanoparticles product. Gao and coworker prepared
the surface imprinting nanosphere by using covalent template immobilization for the
MIP shell around the core (Gao et al., 2013). The peptide MIP-based NPs also could
be synthesized by using precipitation polymerization technique in the absence of
solvent media (Hoshino et al., 2008). In the precipitation polymerization processes is
no need to add emulsifier or suspending reagent to the reaction system. Precipitation
polymerization has been produced spherical imprinted particles in a single preparative
step, and it is a particularly convenient method for MIP synthesis. The advantages of
precipitation polymerization to produce the uniform size distribution of imprinted
nanoparticles are significantly increasing the surface to volume ratios when compare
with the monolith particles, low consumption of reagents during polymerization and
help to improve purity of the nanoparticles. However, a higher amount of solvents is

required to obtain the desirable sizes of the nanoparticles (Yoshimatsu et al., 2007).
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1.5.4 Multi-step swelling polymerization

Many researchers used the multi-step swelling polymerization method to
produce the spherical particles. Sambe and coworker prepared uniformly-sized,
molecularly imprinted polymers (MIPs) by using multi-step swelling and
polymerization method for determination of methythioltriazine herbicides in river
water. The MIP could be used for selective pretreatment and enrichment of trace
amounts of methylthiotriazine herbicides with real time analysis (Sambe et al., 2007)
Yand and coworker synthesized amphiphilic nonspherical SPS/PS composite particles
by multistep swelling polymerization that can be used as solid surfactants (Yang et
al., 2014). The solvent effect of toluene to the surface of the nanoparticles leads to the
larger internal surface areas due to increased porosity (Li et al., 1998; Yoshimatsu et

al., 2007).



18

1.6 Molecularly imprinted polymer nanoparticles

The major challenges involved with the development of the selective
recognition materials (Bajwa et al., 2012). The molecular imprinting technique
provided the possibility to produce the recognition element that was biomimetic
receptor and used as a recognition layer of sensor. Molecularly imprinted
nanoparticles (MIN) possess had an advantage of high surface area, good accessible
of template to the analyte binding and improve the binding performance (Mustafa et
al., 2012; Lian et al., 2012; Singh et al., 2011). When compared with monolithic
imprinted particle because of high-affinity of binding site, imprinted nanoparticles
provided the potential for adsorption-desorption processes that contributed the high
sensor responses signal and easily integrated with electrochemical sensor (Wackerlig
et al., 2015). The nanoparticles are used as recognition layers in chemical sensor. Kriz
and coworker used the MIP as a fiber optic sensing device (Kriz et al., 1995). The
nanoparticles have been interested due to the high sensitivity and specificity for the
molecules when compared with the other nanostructured material (Han et al., 2001).
Gold surface are used for sensing because of good interaction with thiol or disulphide-
terminated molecules (Christopher et al., 2005). The synthetic immunoglobulin based
on non-covalent binding, such as hydrogen bonds or hydrophobic interactions has
been successfully for immune recognition on a molecular level (Schirhagl et al.,
2010). The imprinted nanoparticles could be used to increase two time sensitivity
when compared with thin films (Lieberzeit et al., 2007; Lieberzeit et al., 2007). The
sensitivity and selectivity depend on the affinity on the interfacial layer and

interaction of analyte. The preparation of MIP by using imprinted nanoparticles as a
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stamp onto the supported thin-films is a simple method which can directly prepare
rigid, uniform, and compact MIPs film on the electrode surface. Moreover, MIPs film
could improve the sensitivity and selectivity of sensors. Consequently, in this work
we would like to apply molecularly imprinted nanoparticles onto the coated thin films
of IDC electrode because higher surface-to-volume ratio, the geometric features
provide the better accessibility of the analyte to the recognition sites and expected to

improve the binding kinetics.

1.7 Molecularly imprinted polymer solid phase extraction (MIP-SPE)

Pretreatment and enrichment processes are necessary for trace analysis in
biological samples because of high levels of much interference. The extraction
techniques of solid-phase extraction (SPE) had low selectivity, and the matrix
compounds were eluted with the target analytes. The application of MIPs as adsorbent
materials had purpose for selective enrichment of specific enantiomers and sample
pre-treatment before determination. Consequently, molecularly imprinted polymer
used in SPE, it is so called molecularly-imprinted polymer solid phase extraction
(MIP-SPE). However, the most of bulk MIP-SPE had some drawbacks in preparing
and slow mass transfer. Therefore, MIP with PS as a core shell with proper size, shape
and surface area are produced by multi-step swelling polymerization (Hosoya et al.,
1996) have been used for the preparation of MIPs for SPE of a wide variety of
analytes in biological samples (Haginaka et al., 1999; Haginaka et al., 2000; Sanbe et
al., 2003) and environmental samples (Tamayo et al., 2003; Cacho et al., 2003;

Tamayo et al., 2005; Zhang et al., 2006). Solid-phase extraction (SPE) is now
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frequently used. For the conventional SPE sorbents, such as C18, ion-exchange and
size-exclusion phases are lacking in selectivity to target analytes. In order to
overcome this problem, molecularly imprinted polymers (MIPs) had advantages such
as, easy preparation and high stabilities. Therefore, MIPs are expected as an
alternative affinity SPE sorbent so, we have developed a uniformly sized MIP using a
multi-step swelling and polymerization method (Haginaka et al., 1998; Sambe et al.,
2007). Molecularly imprinted polymers (MIPs) have been used for pre-concentration,
cleaning of the sample and also selective extraction of the target analyte, which is
important for quantification of analytes inside the complex samples (Martin-Esteban
2013; Terzopoulou et al., 2016). The molecularly imprinted solid phase extractions
were applied for direct assays of drugs in blood following by using HPLC.
Furthermore, it has been reported that it could be effective for removal of the
interferences present in the blood sample. In this study, focusing on the determination
of enantiomers drugs in aqueous sample, so the purposes of sample preparation were
to remove the interferences, increased the concentration of analytes, and improved

selectivity in extraction before further the analytical step.
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1.8 Atomic force microscopy

Atomic force microscopy (AFM) was established in 1986 (Binning et al.,
1986) to be used for topographical imaging and force measurements. Topographical
imaging involves with scanning of the cantilever/tip across the sample surface. A
laser beam is deflected off the back of the cantilever, and changes in deflection are
monitored with a photodiode detector as shown in Figure 1.7. The Atomic Force
Microscope (AFM) has been increasing the attention in the field of physical and
biological sciences due to its useful for imaging to study in physiological conditions
of soft biological materials. It can also be used to probe the mechanical properties of
receptor-ligand interactions. The AFM has numerous advantages over electron
microscopy in the study of physical and biological materials, including the ability to
image in liquid with minimal sample preparation and characterize the surfaces of
sample that is limited by the diffraction limit of light. Moreover, AFM provides the
high-resolution imaging and able to measure forces in piconewtons range. This
feature provides the ability to determine the mechanical properties for example;
analyzing the protein structure (Dufrene 2009) and probing the molecular interaction

(Kasas et al., 2008).
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Figure 1.7: Schematic of the operation of the AFM (Last ef al., 2010).

The operations of AFM are divided into three modes in: contact, tapping, and force
mode. In contact mode, AFM tip contact with the surface of sample. When the tip
attaches across the hole or height on the surface, the deflection of the cantilever
increases, and the cantilever is returned back. Very small forces are produced between
the probe and the surface. The deflection of the cantilever is called “stiffness of
cantilever” (Fotiadis et al., 2002). The contact mode of AFM and operation providing
very fast scanning (typically 0.1-0.5 second per scan line), but the tip can stretch or
even damage the surface. Tapping mode was introduced, the tip are oscillates up and
down very fast lateral scanning. This mode decreases the sample deformation. It is
important for soft samples materials that related to the properties of the surface
material. Because of its nondestructive scanning, tapping mode is an optimal for soft

biological surfaces (spring constants in the range of 1 Nm ™' and above). In addition,
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AFM mode is force mode to measure the interaction by using AFM tip at a specific
point sample. The scanner goes up and down, elevating and approaching the
cantilever to the surface, the image shown in Figure 1.8. The force occur when the tip
approaching to the sample. The force curve recorded when the sample is retracted
down is known as the tip-retracting curve. During retraction the surface may possibly
display elastic properties and occur the hysteresis between the approaching and
retracting curves. The adhesion force can be appeared due to weak short-range forces

(such as van der Waals forces) between the tip and surface.
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Figure 1.8: Force-distance curve recorded by AFM in force mode (Sokolov
2007).

AFM has benefits to gain information nanometer resolution surfaces properties
of materials and to sense small forces values in the characterization of
materials. Muller used the AFM to scan the interaction between lipid bilayer and
drug. Force spectroscopy can also be used to probe the local elasticity, chemical

groups, and receptor sites of live cells (Muller, 2008). Atomic force microscopy is
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used to study the adsorption of hen egg-white lysozyme onto mica under acidic
conditions. It appeared the conformational changes due to the adsorbed proteins and
able to study the phenomenon when the surface is sparsely covered at low bulk

protein concentrations.

1.9 Biosensor

A chemical sensor is a device that transforms from a chemical reaction of the
analyte, ranging from the concentration of a specific sample component to total
composition analysis, into an analytically useful signal (Hulanicki et al., 1991). The
natural systems have the limitation, such as degradation in harsh environments and
limited life time, stability and strong interaction between antibodies bind to antigens.
Consequently, the recognition system has been generated by mimicking the naturally
derived receptors. The interactions between the analyte and matrix play a key role in
controlling the recognition ability of the material (Xu et al., 2011). The artificial
materials have been used to detect numerous of analyte. Normally, antigen and
antibody detection has been used to detect the interaction of analyte. Nevertheless,
antigen and antibody has the weakness of pore binding site recognition leading to
decreased sensitivity and reusability (Hall, 2002). Molecularly imprinted polymers as
an alternative material was used for the sensing layer that providing high robustness
and reproducibility (Haupt et al., 2000; Mayes et al., 2005). The greatest properties of
MIP nanoparticles compared to bulk materials, for example amplified the signal,
response time, selectivity, chemical reactivity, binding capacity, large amount of

imprinted. This makes them are attractive for recognition with a range of transducers
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leading to many different chemical sensors (Chang et al., 2013). The electrochemical
technique has the advantages of low cost, high sensitivity and short time analysis but,
the most of electrochemical techniques has low affinity and specificity. The
development of molecular imprinting technique has been applied for electrochemical
determination of analytes due to the biomimetic materials providing high affinity to
the desirable molecule.

The artificial recognition materials provided the highly selective by using the
non-covalent intermolecular interactions. The molecularly imprinted polymers
nanoparticles showed high affinity between the analyte-layer interactions, particularly
with nanostructured layer leading to high signals in mass-sensitive detection by quartz
crystal microbalances (Bajwa et al., 2012). Recently, molecularly imprinted polymers
(MIPs) based electrochemical sensors have received considerable attention such as
high sensitivity, selectivity, simple operation, rapid response, and portable sensor for
on-site detection regarding to the interdigitated sensor (Li et al., 2011; Reddy et al.,
2011). Lab-on-a-chip (LOC) has extended increased of the high interest for the
detection of pathogens (Mairhofer et al., 2009). The advantages of microfluidic
systems were used the small volumes of analytes and easily to operate (Yager et al.,
2006). The surface plasmon resonance (SPR) and mass-sensitive sensors, such as
quartz crystal microbalances (QCM), are popular due to their selectivity and
sensitivity. In the this work, the development of a lab-on chip integrated with
imprinted nanoparticles as a stamp on IDC to detect thalidomide enantiomers. The

application of MIPs is used to support the specific recognition of each enantiomer.
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1.10 Aims and objectives of this thesis

It would be has an advantage to study the selective recognition of the specific
form of the enantiomers drug. One method involve with the development of biomimic
materials that could beneficial apply to study the interaction of the activities of drugs
when exposed to the physiological condition. The optimal layer on IDC is used as a
recognition layer for analytical detection.

This research was concerned with the development of the molecular
recognition materials by imprinting technique onto the IDC for application as
recognition element for biosensor. The main objective was to investigate their use as
sensor coating layer in terms of different polymer composition of MIP formation.
This involved the specific binding interaction of MIP compositions on the transducer
surface with the target of enantiomer drug and characterization in physicochemical

properties of the obtained sensor coating to the electrical signal. The objectives were:

1. To develop chirally imprinted polymer. The selectivity of MIPs, which
made by utilizing the (R)- and (S)-thalidomide enantiomer as a template.
The imprint pattern was formed in a different polymerized mixture during
the polymer synthesis using methacrylic acid (MAA) and 1-vinyl-2-
pyrrolidone (NVP) as a mixed functional monomer with different mole
ratios and a crosslinker, N, N'-(1,2-dihydroxyethylene) bisacrylamide
(DHEBA) in toluene as a porogenic solvent. The configurational
biomimetic imprinting of these components can be designed to specifically

interact with the template enantiomer under an optimized polymerizing
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reaction, and thus provide for the three-dimensional, stereospecific binding
site formed in the polymer with high recognition capability in an aqueous
medium and physiological condition.

. To examine the chemical and physical properties of the obtained MIP by
using the attenuated total reflection (ATR-FTIR) spectroscopy. The
morphology of all the polymer was achieved by scanning electron
microscopy (SEM) as well as for analysis of the particle size of the
resultant micro/nanoparticles determined with a zeta nanosizer.

. To study the selective enrichment of the synthesized MIP materials by
batch binding experiment and investigate the effect of the enantioselective
recognition, for their binding affinity of the thalidomide enantiomers with
distilled water, solvent of acetonitrile/phosphate buffer pH 5.5.

. To develop molecularly imprinted solid-phase extraction (MISPE) for the
selective enrichment and determination of a sample of human blood spiked
with thalidomide enantiomers. The MIPs allowed for an effective selective
extraction and also a simple method for the determination of thalidomide.

. To investigate and characterize the thalidomide enantiomer imprinted
nanoparticles and their use for films layer obtained by the surface
imprinting approach with a polymer system as stamp by AFM.

. To identify the template-MIP interaction on the various MIPs nanoparticle
embedded films with Raman AFM. The surface-imprinting thin film based
on the stamping procedure by using thalidomide imprinted nanoparticles

as stamp for chiral separation applications.
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7. To develop the thalidomide imprinted nanoparticles as a recognition layer
onto the sensor system which would be able to improve the efficiency of
recognition of the chiral drugs. Thereafter, AFM and Raman-AFM were
applied to confirm the enantiomer drug interaction to the imprinted

cavities.

The MIPs have been exploited as the recognition system on IDC sensor that
can provide high specific sensitivity to the target analyte. A method for separation and
analysis by IDC sensor measurement of thalidomide enantiomers exposed to the
biological matrix such as whole blood samples were investigated. The application of
lab-on-chip sensor measurements due to diffusion pathway and template accessibility
to the imprint site can provide for interaction of MIP-template complex in the one of
thalidomide transfer into imprints to both original stereoisomers of thalidomide.
Applications of combining MIPs and surface micropatterning technology have been
proposed the high selectivity and affinity for selective binding in order to analyze
from a biological mixture containing of structurally similar compounds. Thin-films of
imprinted polymer were produced as layer coating onto IDC electrode that used to
improve the imprinting properties or the ability of the materials for analysis of
binding to the template enantiomer in the presence of biological fluids and whole

blood.
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CHAPTER 2

SYNTHESIS AND CHARACTERIZATION OF THALIDOMIDE

IMPRINTED POLYMER

2.1 Introduction

Biomaterial strategies have been tailored at a micro and nanoscale to be used
in medicine. Microparticles (MPs), defined as particles whose size ranges from 1 to
1000 um (Lockman et al., 2002). Nanoparticles (NPs) are regarded as nano sized
scale of material whose size ranges from 10 to 1000 nm (Hamidi et al., 2008). This
chapter is involved with the synthesis of the (R)-, (S)-thalidomide enantiomers
molecularly imprinted polymer micro/nanoparticles was produced by non-covalent
interactions using methacrylic acid (MAA) and 1-vinyl-2-pyrrolidone (NVP) (see
structure in Figure 2.1) as single and mixed functional monomers by the multi-step
swelling polymerization method (Hosoya et al., 1994). Thalidomide has functional
groups of imide moieties available for interactions with the carboxylic acid of
methacrylic acid (MAA) and the weak/neutral functional 1-vinyl-2-pyrolidone (NVP)
monomers that provide for the formation of hydrogen bonding to recognize the
thalidomide. In addition, thalidomide is sensitive to light, which may result in
denaturation, conformational changes or aggregation (Vargesson et al., 2015).
Strategies for thalidomide imprinting can be carried out by the surface imprinting

technique (Ding et al., 2014). This method is known to produce surface with a
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covering of binding sites, which are close to the surface, consequently, this make the
binding site more accessible, the specific target molecules can fit more easily into the
imprinted site. Initially, the obtained MIP spherical particles were characterized by
scanning electron microscope, atomic force microscopy and contact angles. In this
case, the polymerization medium was water, that interfered with the non-covalent
interaction between the template and the functional monomers, such was carried out
in toluene as the porogen, that the preparation of the uniformed size of the
molecularly imprinted nanoparticles (Mayes et al., 1996). DHEBA was chosen as a
cross-linking agent (see structure in Figure 2.1) because it had strong supporting
properties so the imprinted site would not be collapsed after the template was
removed. The cross-linker is important to control the morphology of the imprinted
polymer and to stabilize the imprinted binding site. Moreover, the amount of cross-
linker should be high enough to maintain the stability of the recognition sites. In
addition nanoparticles had been prepared either with or without the polystyrene seed
as a core-shell configuration. The biocompatible polymer including poly (vinyl
alcohol) or PVA and poly carprolactone-trial were employed (PCL-T) as the stabilizer

during the suspension polymerization to stabilize the imprinted polymer solution.
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Figure 2.1: Structure of the functional monomers (MAA and NVP) and cross-linkers

(DHEBA) used in this study.
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2.2 Objectives of this study

The objectives of this study were to prepare the (R)-or (S)-thalidomide
imprinted polymer micro/nanoparticles, that R-, and S-thalidomide was used as a
template for use in selective recognition. [Characterization of the physicochemical
properties of the thalidomide imprinted polymer micro/nanoparticles has been focused
on the effect of the ratio of the two functional monomers and the macromolecular
polymer as stabilizer that the enantioselective property of the imprinted sites would be
expected for resultant MIPs to both enantiomer templates.] The thalidomide imprinted
polymer micro/nanoparticles were characterized via scanning electron microscopy
(SEM), transmission electron microscopy (TEM), the zeta nanosizer, fourier

transformed infrared spectroscopy (FT-IR) and contact angle.

2.3 Experimental

2.3.1 Chemical and reagents

Styrene, methacrylic acid (MAA), 1-vinyl-2-pyrrolidone (NVP), N,N'-(1,2-
dihydroxyethylene) bisacrylamide (DHEBA), sodium lauryl sulfate (SDS), styrene,
disodium ethylenediaminetetraacetic acid (EDTA), (S)-(-)-thalidomide, (R)-(+)-
thalidomide and racemic (zx)-thalidomide were from Aldrich Chemical Company
(Milwaukee, W1, USA). 2,2"-Azobisisobutyronitrile (AIBN) was obtained from wako
company (Japan) and some of gift from Prof. Peter A. Lieberzeit, University of

Vienna for which many thanks. Dibutyl phthalate, potassium peroxidisulfate and
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polyvinyl alcohol (PVA) were from Fluka Chemie (Buchs, Switzerland). MAA was
purified by distillation under reduced pressure before use to remove the hydroquinone
inhibitor. All other solvents used were of analytical reagent grade and used without

further processing.

2.3.2 Equipment for characterization

The structures of the MIPs were determined with a 1720X FTIR spectrometer
(Perkin-Elmer, Beaconsfield, U.K.) using a Spectra Tech ATR-flow cell and a 45°
ZnSe crystal. The surface morphology of the polymers was obtained using a JSM-
5800 LV electron microscope (Jeol, MA, USA). The mean particle size of the samples
was determined by a Zetasizer Nano ZS (Malvern Instruments, Malvern, U.K.). The
water contact angle were determined at room temperature using a OCA40 contact
angle goniometer (Dataphysics, OCA40, Germany) (see in Figure 2.2). A deionised
water droplet of 1ul. was placed on the specimens using an automatic droper and the
receding contact angle was obtained by the removal of the liquid. A charge coupled
device camera was used to capture the image of the water droplets for the
determination of the contact angle. The angle was changed by x-ray irradiation.
Contact angles were determined using the software modules SCA 20 and SCA 24

(Filderstadt, Germany).
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Figure 2.2: Contact angle (Dataphysics, OCA40, Germany).

2.3.3 Methodology

2.3.3.1 The preparation of MIP microparticles/nanoparticles

Molecularly imprinted polymers selective for (R)-thalidomide and (S)-
thalidomide were prepared by a multi-step swelling polymerization process that was
previously reported but with a slight modification (Hosoya et al., 1994). In a typical
preparation for the imprinted polymers, first, AIBN was added to a pre-polymerized
reaction mixture consisting of a cross-linking agent and monomers. This was followed

by a second swelling step in the presence of the pre-polymerizing mixture that
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contained the template [(R)-thalidomide or (S)-thalidomide] and the functional
monomer assemblies in toluene that was used as the porogen solvent. Subsequently
the hardening process of the outer shell of the core with a selective polymer layer was
carried out by a thermal polymerization method, thus allowing for the assembly of
functionalized assemblies of template and all the monomers to produce the polymer
matrix. The polystyrene seeds were produced by the polymerization of the purified
styrene and potassium peroxidisulfate that were mixed and heated at 75°C for 24 h. In
a typical MIP preparation, 1.0 g of polystyrene particles (approximately 0.96 um in
diameter of polystyrene) were mixed with 0.6 mL of dibutyl phthalate, 0.02 g of
sodium lauryl sulfate, and 6 mL of distilled water. Subsequently, this suspension was
stirred (125 rpm) at room temperature (25£1°C). After the polymerization for 20 h, 6
mL of toluene was added to the mixture. Then 12.0 mL of distilled water was
admixed, along with 10 mL of a 4.8% PVA or 4.8% PCL-T solution. The mixture was
kept stirring at room temperature for 2 h. A mixture of 0.006 g of DHEBA, 0.697
mol of MAA (0.060 g), 0.02 g sodium lauryl sulfate, 12.0 mL of distilled water, and
10 mL of 4.8% PVA was added into the mixture to ensure dispersion of the powder in
the toluene. The mixture was kept overnight while being stirred at 50 °C under a
stream of nitrogen. The particle suspension was centrifuged at 13,500 rpm for 10 min.
The resulting polymer particulates were washed with 3 x 250 mL portions of 10% v/v
acetic acid in methanol, and finally with 3 x 250 mL portions of methanol. Complete
extraction of the template molecule from the polymer was confirmed by the absence
of the template(s) in the methanol rinses of the polymer, as verified using a
stereospecific HPLC method. A non-imprinted polymer (NIP), that was included as

the control, was prepared in the same way as the MIP beads, but with no added
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template. The monomeric mixture was prepared from the components of the
polymerization reaction (Table 2.1). The supernatant liquid was homogenized at
1,000 bar for 1 h to obtain the imprinted polymer nanoparticles. The template was
removal from the obtained nanoparticle by a skin dialysis method using Snake skin®
Dialysis Tubing (Thermo Fisher Scientific Inc., USA). In the next step, the
nanoparticles were incubated with the original template for 24 hours and thus the
amount of template absorbed was characterized before the preparation of the
nanoparticle embedded films. All the experiments were performed at room

temperature (25+1°C). The mean value of the contact angle from three measurements

of each polymer was recorded.

Table 2.1: The composition of the polymer of molecularly imprinted polymers.

Polymer | Template  PS MAA NVP DHEBA AIBN

(mol) (9) (mol) (mol) (mol) (mmol)
MIP1 0.025 1.0 0.43 0.17 0.03 0.73
MIP2 0.025 1.0 0.35 0.35 0.03 0.73
MIP3 0.025 - 0.43 0.17 0.03 0.73

MIP4 0.025 - 0.35 0.35 0.03 0.73
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2.4 Results and discussions

2.4.1 Synthesis of the (R), (S)-thalidomide imprinted micro/nanoparticles

The arrangement of the functional groups in the binding cavity on
polymerization reaction was examined by a study of the IR spectroscopy is illustrated
in Scheme 1. The recognition process occurs through specifically localized hydrogen
bond complexes. The results revealed that the MIPs and NIPs both exhibited the
crosslinking polymerization of double bond because of the MAA, NVP functional
monomers and cross-linker and the formation of binding groups that were
complementary to the template molecules (see Scheme 1). In general, for the
formation of the molecular imprints, the self-assembly processes around the template
in the presence of a flexible polymer for pre-polymerization, and followed by the
templating process that added more stable and chemical functional groups of the
monomeric reactants into the polymeric environment. These polymer components
provided a spatial three-dimension cavity within the imprinted polymer and were able
to provide a specific recognition site for thalidomide enantiomers. After formation of
the imprinted spherical polymer microparticles in the presence of a surface-stabilizing
polymer the template can be recovered by extraction from the matrix with an
appropriate solvent in the study. Such imprinted materials have been successfully
prepared using methacrylic acid (MAA) and 1-vinyl-2-pyrrolidone (NVP) as a mixed
functional monomer in the presence of the template during the polymerization and
templating processes. In the protocol for template removal, the total amount of the

template in the extraction medium was directly dependent on the amount of the
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enantiomer incorporated and with the polymerization reaction. Two sets of MIP were
prepared one with and the other without PS and each formed a core-shell and a non-
core shell format for the MIP. Two types of imprinted polymers were formed in this
study by the use of different amounts of the two functional monomers at the surface
layer on the polystyrene and were called MIP1 and MIP2 whereas the MIP3 and
MIP4 were prepared with the same polymeric compositions as MIP1 and MIP2, but

without any polystyrene.
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2.4.2 Studying the effect of the polymer composition

2.4.2.1 Scanning Electron Micrographs

The characterization of nanoparticles to support measurements of the mirco-
and nano-particles obtained in this study and study of polymerizing protocol
optimizing the ratio of the functional groups that yield the resulting synthetic polymer
particles. Figure 2.3.1 shows the surface morphology of the MIPs for each of the core-
shells (MIP1 and MIP2) or the non-core-shell (MIP3 and MIP4) types of particles.
These MIP materials induced the enantiomer molecules to orient themselves in a
specific imprint pattern so as to form a surface for the (S)-thalidomide that was
distinguishable from the (R)-thalidomide, in the particulate MIP3. The characteristics
of the binding sites in the imprint provided for the interaction between the template
and the functional monomer to occur to form the MIP. The SEM image indicated that
the porogenic solvent toluene had a significant effect on the morphology of the
polymer particles and showed an interdigitated phase throughout the surface that
covered the synthesized product. In contrast for the MIP4 for both the thalidomide
enantiomer imprints, the SEM images had the same binding structure of the cavities
on the surface of a resultant MIP microsphere. It was of interest that the MIP3 in
particular using (S)-thalidomide as a template showed surface rearrangements and the
hierarchically nanostructured polymer became entirely attached to the assembled
spherical polymer. After removal of the template, in part, also it was accounted for the
nature of the cavities that were formed when the polymer changed to a collapsed state

as a function of time during which the MeOH solvent gradually decreased. It was
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important to examine the interactions of the template with the functional monomers,
so that the core-shell and non-core-shell MIP particles were produced by optimizing
the ratio of the two functional monomers in the reactants that formed the synthesized

product.

(a) MIP1 (b) MIP2 (c) MIP3 (d) MIP4

Figure 2.3.1: SEM image of the (R)- and (S)-thalidomide poly (MAA-co-NVP)-MIPs
prepared using different ratios of functional monomers and a fixed amount of the
DHEBA crosslinker after homogenization showing the patterns of the (R)-thalidomide
and (S)-thalidomide imprints onto the surface of the particles (a) in the presence of
poly(styrene) MAA:NVP ratios of 0.43:0.17 (MIP1); (b) 0.35:0.35 (MIP2); (c) in the
absence of poly(styrene) at a MAA:NVP ratio of 0.43:0.17 (MIP3); (d) 0.35:0.35

(MIP4).
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Figure 2.3.2: SEM image of the poly (MAA-co-NVP)-NIPs prepared using different
ratios of functional monomers and a fixed amount of the DHEBA crosslinker after
homogenization (a) in the presence of poly(styrene) MAA:NVP ratios of 0.43:0.17
(NIP1); (b) 0.35:0.35 (NIP2); (c) in the absence of poly(styrene) at a MAA:NVP ratio

of 0.43:0.17 (NIP3); (d) 0.35:0.35 (NIP4).
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2.4.2.2 Zeta nanosizer

The particle size and size distribution of the imprinted particles with PVA and
PCL-T stabilizers were investigated. Two sets of MIP were taken with and without
PS. Figure 2.4 shows a bar graph of the particle size and the size distribution of the
(R), and (S)-thalidomide imprinted particles with PVA and PCL-T stabilizers that
were investigated before and after high pressure homogenization by using the zeta
nanosizer. The macromolecular polymers of PVA and PCL-T were used to enhance
the physical stability. The use of the PCL-T stabilizer showed the reduction of the size
of the MIP beads after homogenization with the smallest size of 1 um or the
submicron size for prepared of IDC sensor, so the resultant MIPs microsphere had a
size range of between 15-20 um before being homogenized depending on the polymer
composition. After the use of the PVA stabilizer, the particles sizes of all the
microparticles after homogenization were significantly reduced (1-5 um) compared to
the initial particle size of 20-30 pum, that will be used for MIP-SPE for efficient
separation. Significant differences were recorded by the particle size analysis with
smaller particles produced in the presence of the PVA stabilizer. No differences were
seen on the particles with PCL-T stabilizer before and after homogenization.
Polydispersity Index (PDI) is dimensionless and scaled such that values smaller than
0.05 are monodisperse of the particles size distribution and values greater than 0.7
indicated that the sample has a very broad size distribution or heterogeneity (Lynd et
al., 2005). The synthesized of the obtained MIP showed the PDI values 0.5 that
ascribed for heterogeneity size distribution of the imprinted polymer. The PVA was

used as a stabilizer because the synthesis of the MIP and its compatibility with PVA,
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significantly improved the stiffness and ductility of the resultant polymer composite
(Piperno et al., 2010). As a result of the core-shells this led to the MIPs having better
mechanical properties and improved robustness. The formation of a spherical MIP
composite was ensured, because the polystyrene acted as the core polymer component

and this governed the surface chemical properties.
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Figure 2.4: Particle size and size distribution of the (R), and (S)-thalidomide
imprinted particles with PVA (a) and PCL-T (b) stabilizers were investigated before

and after high pressure homogenization as determined by using the zeta nanosizer.
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2.4.2.3 Fourier transforms infrared spectroscopy (FT-IR)

The determination of the optimized amount of functional monomers and the
process of the polymerization of the MIPs to bind the (R)-thalidomide and (S)-
thalidomide in the presence of macromolecular polymers was carried out. Figure 2.5
shows the FT-IR spectrum of polystyrene seeds, (R)-thalidomide, and (S)-
thalidomide. The standard (R)-thalidomide and (S)-thalidomide show the sharp peaks
at 3200 cm™ belonging to NH group of the thalidomide and carbonyl peak at 1708
cm™. The polystyrene seed shows the intensity peaks at 2921 cm™ according to the
aromatic C-H stretching and aliphatic C-H stretching on the main PS chain. The peak
at 3025 cm™ is the C-H stretching vibration of benzene ring. The peaks at 1492 cm™
and 1600 cm™ are the characteristic bands of C-C stretching vibration of benzene ring.
The peaks at 756 cm® and 697 cm™ are the bands of aromatic C-H out-of-plan
bending vibration and overtone between 1800-2000 cm™. The polystyrene seed shows
the intensity peaks at 2922 cm™ according to the aromatic C-H stretching and
aliphatic C-H stretching and overtone between 1800-2000 cm™ (Sun et al., 2017). In
all of the FT-IR spectroscopy results of the RMIPs (Figure 2.6) and SMIPs (Figure
2.7) nanoparticles and non-imprinted control polymers presented four common peaks:
a broad peak about 3400 cm™ was produced by the stretching vibrations of (O-H)
belonging to the hydroxyl group; a weak peak at about 2940 cm™ was caused by the
C-H stretching and a weak peak at about 1720 cm™ is assigned for carbonyl group and
strong peaks at 1420 and 1270 cm™, which are attributed to an ester group. FT-IR
study confirmed the successful of MIPs because the MIPs and NIPs exhibited a

crosslinking polymerization as that the absence of vinyl group of MAA, NVP at 1680
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cm™ and the appearance of aliphatic C-H replacement, as shown in the Figure 2.6 &
2.7. In addition, the imprinted polymer of (R), and (S)-thalidomide or MIP1 and MIP2
contained the poly(styrene) used as a core shell. The FT-IR spectra showed that the
functional monomer and template propagated around the core shell that covered the
complete poly(styrene) seed particles. The results provided the spectrum of the
interaction between COOH groups of MAA to interact with the functionality of the

thalidomide enantiomers.

Poly(styrene) seed

(R)-thalidomide
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Figure 2.5: FT-IR spectrum of the polystyrene seeds, (R)-thalidomide, and (S)-

thalidomide, respectively.
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2.4.2.4 Zeta potentials

Table 2.2 illustrates the average zeta potential values for both the (R)- and (5)-
thalidomide imprinted polymers and the non-imprinted polymers. In particular, it was
found that, by using a different polymer composition and with a macromer for the
polymerization process for both the non-imprinted and imprinted polymers. It was
shown that all the particles that were dispersed in the suspension had low zeta
potential values and positive charges; hence there was no force to prevent the particles
coming together and flocculating. So, the zeta potential data of an imprinted (MAA-
NVP)-polymer bead using different monomeric components indicated the appearance
of the surface charges on the particles. Also, a comparison of the zeta potentials of the
MIPs obtained using either of the two stabilizers is illustrated in Table 2.2. It was of
interest, that when the amount of MAA and NVP in the MIP2 was equal, the net
surface charge became positive for the polymerization and this in turn reduced the
electrostatic interaction of the (R)-thalidomide on the particles surface. However, it
can be seen that there was an increase in the hydrophobic property with the addition
of the poly(styrene) for the polymerization process, in the MIP2 compared with a
greater number of negatively charged MAA functional group using either of the
thalidomide enantiomers in the MIP1. In contrast, the hydrogen bonding of the COOH
groups in the protonated form was also responsible for the interactions in the
template-monomer assembly as the overall surface charge became negative when the
reaction of the monomeric mixtures had more NVP monomer in the porogenic solvent
because that increased the hydrogen bond network that was formed between the

polymerized layer and the template assembly at the interface of an aqueous
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environment. These results obtained in this work provided knowledge on the effects
of the synthesis of the MIPs on the interfacial properties of the MIPs obtained
between the PVA and PCL-T as a stabilizer and confirmed the binding sites of the

obtained MIPs after polymerization.
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2.4.2.5 Contact angle

In this section, the interaction of the imprinted polymers for either
nanoparticles and supported onto the glass substrate, and also the MIP films exposed
to the thalidomide enantiomers were examined along with the corresponding NIPs by
using the contact angle. Figure 2.8 shows the contact angle of the (R) and (S)-
thalidomide imprinted nanoparticles, NIP films, (R)-MIPs and (S)-MIPs films.
According to the results in Figure 2.8, the contact angle values were comparable
between the nanoparticles, for the NIP and MIP films using the (R),-(S)-thalidomide
enantiomer. Formulations of the MIP2, MIP3 and MIP4 for the (R)-thalidomide
enantiomer provided different values for the contact angles. The contact angle values
(6n) of 56.57° for the RMIP1 and 55.24° for the RMIP2 were obtained that was
comparable to the RMIP3 (6x = 59.32°) and RMIP4 (6, = 60.67°). In the case of the
S-imprinted polymer only the SMIP3 show different contact angles values between
the SMIPs film and NIP-film. A contact angle value of 70 means that there was a
hydrophilic interaction of the nanoparticles and the films onto the glass substrate, for
which the MIP1 for both templates showed the lowest values of contact angles. The
contact angle values of the NIP, MIP nanoparticles, and MIP films were different
because the contact angle values were affected by the surface properties and
positioning of the cross-linked chains and that would depend on the chemical
polymerization process. This approach helped to facilitate to understand the specific
interactions between the template and the imprinted sites and the other non-specific

adsorption with the polymer matrix and the film polymer.
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Figure 2.8: Contact angles of the (R) and (S)-thalidomide imprinted nanoparticles,

NIP films, (R)-MIPs and (S)-MIPs films.
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2.4.2.6 SEM micrographs of the imprinted films onto glass substrate

The effect of the polymer surface onto the MAA-NVP-crosslinked DHEBA-
polymer pre-polymer layer was examined with the focus of the measurement of
morphology for RMIP1 and RMIP2. Figure 2.9 shows the SEM micrographs of the
imprinted films consisted of the (R)-thalidomide imprinted nanoparticles that
represent the recognition materials by using the films layer as supporting coating on
the glass substrate, RMIP1 and RMIP2 in the presence of the thalidomide template.
The RMIP1 films showed the spherical morphology of the nanoparticles. In the case
of the RMIP2 provided numerous pore onto the thin films were clearly observed in
SEM images because the porogen is attributed to porous material. The characteristic
of the surface properties, the non-imprinted nanoparticle thin films were assessed,
which they had smaller sized spherical particles on the surface. The particles were
embeded inside the thin films so, the remaining specific site with an ability to
recognize the analyte was less. The pore on the imprinted thin films can be achived

that make possible the interactions with template enantiomers.
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Figure 2.9: SEM images of the imprinted films that were coated with (R)-thalidomide
imprinted nanoparticles; RMIP1 (MAA-co-NVP 0.43:0.17) and RMIP2 (MAA-co-

NVP 0.35:0.35) in the presence of the thalidomide templates.
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2.5 CONCLUSION

The objective of the second chapter was to synthesize molecularly imprinted
polymer micro/nano particles. The preparations of MIP with MIP micro/nano
particles have been successfully prepared using both (R)-thalidomide and (S)-
thalidomide as a template upon the polymerization processes. The presence of
polystyrene as a core shell particles in the polymerization reaction from the mixed
functional monomer MAA and NVP and DHEBA as the crosslinking agent in toluene
as the porogen, followed by high-pressure homoginizer. The characterization and
physical properties of the obtained MIPs nanoparticls were investigated by SEM, zeta
nanosizer, FT-IR and contact angle. The template removal was performed with
methanol and 10% acetic acid in methanol solvents and completed extraction of
thalidomide enantiomers template was shown imprinted cavities after washing off.
The obtained MIPs particles exhibited a crosslinking polymerization that confirmed
by using FT-IR. The stabilizer of PVA and PCL-T could enhance the physical
stability of the obtained MIPs that prevented the aggregation of the suspension
solution. The use of the PVA stabilizer, the particles sizes of MIPs products was 20-
30 pm. and reduced in the sub-micron sizes (1-5 pm) after homogenizing method in
using of PVA. The component of the monomeric mixture had effect to the net charge
of the solution that occur the interface between thalidomide templates and the

imprinted site.
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CHAPTER 3

THE STUDY OF MOLECULARLY IMPRINTED POLYMER-SOLID

PHASE EXTRACTION (MIP-SPE)

3.1 Introduction and objectives

The recognition ability of the prepared molecularly imprinted polymers is
important to identify which MIPs would be effective for binding the Anti-tumor
Necrosis Factor Alpha (anti-TNF-a) agent. For this purpose, (R)-thalidomide and (S)-
thalidomide molecularly imprinted polymers were employed in screening experiments
in which the two single enantiomers of thalidomide were used in the presence of their
related MIP and their non-imprinted control polymers. The determination of the
template binding interactions of the obtained MIPs has been carried out by batch
binding experiments. Molecularly imprinted polymers were used as a selective agent
for the chiral enantiomers. Molecularly imprinted solid phase extraction was used for
evaluation of the recognition ability of the analyzes in the presence of the biological
components of blood sample, using a polymer material as a support system (MISPE).
Moreover, the chiral recognition sites of the MIP micro/nanoparticles helped to
facilitate the concentration and %age recovery of transformation and the chiral
inversions of thalidomide enantiomers in blood using molecularly imprinted solid
phase extraction (MISPE). MIPs can provide a strong selectivity and sensitivity of

analytical methods.
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The adsorption could be occurred through the processes of selective imprinted
sites, the enantiomer extraction where on sorbent bed of thalidomide imprinted micro
particles during enrichment process only selected enantiomers were retained while the
non-adsorption enantiomer was not retained on the MIP selective adsorbent. Then, the
impurities were rinsed through with PBS pH 5.5 that were strong enough to remove
unbound thalidomide enantiomer. The selective elution of enantiomers adsorbed into
the imprinted sites was eluted in a solvent. The % recovery was calculated by using

equation (3.1).

% enrichment (recovery) = Detected amount x 100~ ------------ (3.1)

Actual amount

Actual amount was obtained through the HPLC chiral column and measured from

equation (3.2).

Actual amount = Weight of solution x concentration of standard ~ ------- (3.2)

Density of solution x volume

The first question of the investigation of this chapter was addressed to the
examination of the chiral conversion in blood of the thalidomide enantiomers by using
the molecularly imprinted polymer micro particles as a sorbent mixed with the resin.
MISPE used to extract and clean up a sample before using a chromatographic method

to quantify the amount of enantiomers in the sample.
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3.2 Experimental

3.2.1 Materials and equipment

Biored® resin sodium form (Bio-Red Laboratories, Inc., California), Chiral-
CBH column (Chromtech, UK). NIPRO Disposable Syringe, Sterile, 1 ml, Nipro
Co.,Ltd (Phra Nakhon Si Ayutthaya, Thailand). VertiPure™ NYLON Syringe Filters
with a pore size of 0.45 pm, and diameter of 4 mm were from Vertical

Chromatography Co.,Ltd (Ladyao, Jatujak, Thailand).

3.2.2 The binding experiments

The recognition ability of the template by all the MIPs was examined using
different media: distilled water, acetonitrile and pH 5.5 phosphate buffer, for different
periods of time (15, 20 and 24 hour) by the batch dissolution tests. A control
experiment was performed with the corresponding non-imprinted polymers under the
same conditions. In a typical batch binding experiment, 25 mg of polymers were
added into 10-80 pg mL™ of a pure (R)- and (S)-thalidomide solution (2.5 mL) that
was added separately, after the required incubation period the amounts of the (R)-
thalidomide and (S)-thalidomide enantiomers in the samples were determined by
reference to a standard solution calibration curve obtained using separation by a
column that separated the chiral enantiomers. In order to enhance the specific
molecular recognition within the imprinted polymer network that was performed in

the preliminary study, a 24 h period was selected. The amount of bound drug was
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obtained by subtracting the amount of free drug from the total amount of the drug
added. All experiments were performed in triplicate. In addition, an amount of 10-80
ng mL™? of R)-thalidomide was incubated for a period of up to 6 months. The bound
polymer was washed with distilled water and dried in air before analysis of the
enantiomer by stereospecific HPLC. The AFM images of the particle surfaces of the
non-imprinted polymer, and (R)-thalidomide and (S)-thalidomide imprinted polymer

were taken after incubating the chiral print molecules in distilled water.

3.2.3 The selective property studies of thalidomide enantiomers

The selective recognition of the synthetic materials was evaluated in an
aqueous solution, of acetonitrile and 10 mM phosphate buffer solution pH 5.5 (50:50,
v/v) using a batch binding assay. A control-imprinted polymer (NIP) was used as the
reference material. In a typical binding experiment, the polymer particulate (50 mg)
was added to 5 mL of the solvent containing 10-80 pg mL™ of the (R)-or (S)-
thalidomide. The polymer solution was stirred for 24 h at room temperature (28 +
1°C). The polymer particles were then filtered, and the filtrate analyzed for their
content of the thalidomide enantiomers by the stereospecific HPLC. The quantity of
the drug enantiomer in the solution was determined by reference to a calibration
curve. The ability for recognition by the MIPs was defined as the ratio of the amount
of the drug released by the MIP to that released by the NIP. All experiments were

performed in triplicate.
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3.2.4 Molecularly imprinted polymer-sorbent assays (MIP-SPE)

The adsorption affinity achieved by the MIP and NIP nanoparticles packed in
cartridges was performed for the individual enantiomer and racemic thalidomide
solution before use and in the presence of heparinized human blood plasma at a
concentration that ranged from 5-200 pg mL™. A 50 mg sample of the MIPs or NIPs
were mixed with the sodium form of the Biored® resin to support the MIP and NIP
nanoparticles (Bio-Red Laboratories, Inc., California) were packed into an empty SPE
cartridge column (1 mL) (Figure 3.1), that supported the nanoparticles (less than 30
nm) during MIP-SPE for an efficient separation. The pH of the collected blood
obtained at Songklanagarind hospital, which had been dispensed in glass tubes filled
with carbon dioxide-oxygen at the ratio 95:5 for control of pH 7.4, then sealed, and
incubated at 37°C in a water bath. An equal volume of 0.025 M citrate buffer solution
(pH 1.5) was added to stop the reactions and samples were stored at -4°C until
analyzed. The sample of human blood was then passed through the solid-phase at a
flow rate of about 1.0 mL/min for 10 min. The combined fractions were filtered
through a 0.45 um PTFE membrane and analysis of the enantiomer in the eluent was
determined by the stereospecific HPLC method. They were analysed for milligram
amounts of the unbound drug of the (R)-isomer from each of the MIPs divided by the

(S)-isomer (amount/time).
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Figure 3.1: Schematic diagram of MISPE for investigation of the recognition

properties of thalidomide exposed to aqueous solutions and human blood samples.

3.2.5 Enantioselective HPL.C analysis

The amount of the thalidomide enantiomers in the sample solutions was
examined by HPLC using a chiral CBH column. The chromatographic system
comprised a Thermo HPLC system, equipped with a variable wavelength UV
detector. A 150 x 4 mm Chiral-CBH column (Chromtech, UK) was used. The

detection wavelength was 225 nm and separation was performed at ambient



63

temperature. The flow rate was set at 0.9 mL/min for every analysis. The mobile
phase was 10 mM phosphate buffer (pH 5.5) containing 50 mM disodium EDTA and
2 % (v/v) acetonitrile. Correlation coefficients for the calibration curves of the (R)-
and (S)-thalidomide enantiomers in the range 1-10 pg mL™ were greater than 0.990.
The sensitivity of the detection for both thalidomide enantiomers was about 1 ug/mL

and the reproducibility of the peak areas of analytes was more than 95%.

3.2.6 Statistical analysis

All results are shown as means * standard deviations. Statistical analysis was

performed with the excel software program version 2010 was applied to assess the

variances between the groups, followed by the t-test (p < 0.05) that showed significant

difference between the means.

3.3 Result and discussions

3.3.1 The evaluation of chiral recognition for the MIPs

3.3.1.1 The effect of time to achieve equilibrium

The recognition site of the molecularly imprinted polymer that had a flexible

structure should provide the ability to differentiate between the stereo-chemical

entities of the enantiomers of thalidomide in an aqueous solution. The recognition

ability for the binding of the enantiomer template to the (R)- and (S)-thalidomide
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imprinted (MAA-co-NVP)-polymer were investigated. This was important in order to
assess the release of the desired enantiomer after the adsorption process at a suitable
reaction site by using dissolution studies. Figure 3.2 shows the effect of the
concentration of the template and non-template on the binding efficiency of MIP2 as a
function of time when incubating with each of the pure single enantiomer at 15, 20,
and 24 h. The enantiomer release was calculated from detected amount of the
thalidomide enantiomers divided by actual amount of the standard thalidomide
enantiomers and multiply by 100. The optimum time required for the production of
the imprinted polymer with the chiral recognition property. As shown in Figure 3.2
(a-c), after incubation for 15 h, it was clearly observed that addition of the pure single
(R)-enantiomer of thalidomide to the imprinting polymer in an agueous solution
produced some changes to the opposite (S)-enantiomer as racemization of the
thalidomide enantiomer occurred. Both imprints were now present in the same
polymer. Nevertheless, an identical enantiomer concentration of the enantiomerically
pure (S)-thalidomide enantiomer, led to desorption of the (S)-enantiomer from the
imprint towards the (S)-thalidomide enantiomer but only in an aqueous solvent with
the same selectivity profile throughout the incubation for 24 h. These observed
differences can be explained by the kinetics of conversion of thalidomide enantiomers
that occurred by either the imprinted and non-imprinted enantiomers from both the
(S)-enantiomer imprint and the (R)-enantiomer imprint, that were loaded with the pure
single (R)-thalidomide enantiomer. In the case of the non-imprinted polymer this led
to almost a total desorption of thalidomide enantiomer with the same profile after 15
h, to indicate a non-specific effect on the polymers under the same conditions with

regard to both stereoisomers. The correlation of the time required for the enantiomer
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binding to reach equilibrium was dependent on two additional factors, the diffusion of
the template from the bulk solution through the pores in the polymers to the binding
sites and the actual binding kinetics between the template and the imprint. However,
the measurements performed using the MIP spherical particles showed there was a
high rate of adsorption of the corresponding thalidomide enantiomers in agqueous
solution. After 20 h, the increase of the template enantiomers released from either of
the MIP beads incubated with either of the pure thalidomide enantiomers
demonstrated a gradual increase in the amount of the enantiomer that was permeated
with time. The rate of diffusion of the non-templated enantiomer was much faster than
that of the template enantiomer so the target recognition was stronger than for the
non-target enantiomer. The cross-reactivity of the (S)-form of the thalidomide was
lower than that for the (R)-thalidomide enantiomer. Therefore, the inclusion of the
(R)-enantiomer to the latter polymer was being spatially hindered and the
conformation of the imprint enantiomer was preserved during the rebinding of the
template. The current studies have indicated that the imprint of the (R)-thalidomide as
template that produces a complex results in a diminished adsorption and racemization
at every concentration in an aqueous environment which undergo a slow
conformation change to produce a fitted complex. At 24 hour showed the optimal
binding of the thalidomide enantiomers because it showed the optimal amount bound

to the imprinted sites and the enantiomers was not changed.
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Figure 3.2: The effect of time 15 hour (a) and 20 hour (b) for the equilibrium binding
of the template enantiomer on the (R)- and (S)-thalidomide imprinted (MAA-co-

NVP)-polymer that had been produced in the presence of the additional poly(styrene)

witha 0.35:0.35 mole ratio MAA/NVP.
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Figure 3.2: The effect of time 24 hour (c) for the equilibrium binding of the template
enantiomer on the R)- and the(S)-thalidomide imprinted (MAA-co-NVP)-polymer that
were produced in the presence of the additional poly(styrene) with a 0.35:0.35 mole

ratio for the MAA/NVP.
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3.3.1.2 The effect of the enantiomer concentrations

Figure 3.3 illustrates the effect of the (R),-(S)-enantiomer concentration on the
binding capacities of the thalidomide imprinted polymer and the control polymers
after incubating for 6 months. For the (R)-thalidomide imprinted polymer only the
(R)- enantiomer was obtained in the extract but there was a lower amount of the
enantiomer in the extract than for the (S)-enantiomer imprint. When the corresponding
NIP, were used both the (R)- and the (S)-enantiomer were recovered after incubation
with the pure single enantiomers to show that there was a high non-specific
adsorption at most of the concentrations studied. During the 6 months the amount of
the enantiomers bound to the specific particles did increase and no racemization
occurred. This indicated that the template diffused into the polymer and bound to the
MIPs. When each of the latter polymers was incubated with the imprint and non-
imprint enantiomer separately. The analyte was found to increase in the solution as
the added concentration increased but the increase in the amount of the non-imprint
(R)-isomer released in the (S)-enantiomer MIP was greater than the increase of the
concentration of non-imprint release (S)-isomer in the (R)-enantiomer MIP. In
contrast, the MIP4 showed that the entire amount of both the (R)- and (S)-enantiomers
of the thalidomide had in this case disappeared because the MIP4 was able to adsorb
the thalidomide enantiomers inside the imprinted site. We tested the stereoselectivity
of the different imprinted DHEBA-polymer materials with variable functionalities for
the polymerization process to examine the enantioselective recognition characteristics
of the resulting synthetic polymers. This provided important information such as an

imprinting factor, and a factor for selectivity was obtained.
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Figure 3.3: The effect of the (R), -(S)-enantiomer concentrations on the binding
capacities of the thalidomide imprinted polymer and the control polymers in an

aqueous solution for 6 months from their formation.
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Figure 3.3: The effect of the (R), -(S)-enantiomer concentrations on the binding
capacities for the thalidomide imprinted polymer and the control polymers in an

aqueous solution 6 months after their formation.
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3.3.2 The characterization of the surface behavior by MIP-SPE

3.3.2.1 The effect of aqueous solution

To evaluate if the obtained molecularly imprinted polymer were selective to
the imprinted sites; the rebinding of the imprinted polymer was investigated,
following by enantioselective chromatography. The enantioselective separation of
thalidomide in an aqueous solution was carried using the CBH chiral column. Figure
3.4 shows the chromatograms of the (Rac)-thalidomide to show the performance of
the enantioseparated chromatogram. Separation of the enantiomers had an optimal pH
of pH ~5.5. To evaluate the recognition properties of the imprinted polymer, the (R)-
imprinted polymer (RMIP1) and (S)-imprinted molecularly polymer (SMIP1) were
incubated with their individual template of (R)-thalidomide and (S)-thalidomide. As
can be seen by the chromatograms for the RMIP1 (Figure 3.4 I1) the thalidomide
underwent hydrolysis degradation at the higher pH (Lyon et al., 1995). Consequently,
the molecularly imprinted polymer had a specific recognition site to memorize the

thalidomide enantiomer.
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Figure 3.4: Chromatograms of the individual thalidomide enantiomers at 10 ug mL*
on (I). RMIP1 were incubated with (R)-thalidomide in the water at a concentration of
50 ug mL™* (I1). SMIP1 was incubated with (S)-thalidomide in the water at a
concentration 50 ug mL™ (111). Chromatograms of the (R)-isomer and the (S)-isomer

of thalidomide in a solution.
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3.3.2.2 The effect of solvent media

The separation of the thalidomide enantiomer under the solvent conditions was
carried out because the stability of thalidomide in acetonitrile (ACN) is the most
important parameter of concern to ensure the reliability of the assay. (R)-, (S)-
imprinted polymer were incubated with their template enantiomers into the ACN:PBS
pH 5.5 to evaluate the recognition ability of the synthesize MIPs. Figure 3.5A
illustrates the chromatograms of the RMIP2 that were incubated with (R)-thalidomide
(). SMIP3 was incubated with (S)-thalidomide (I1) in the ACN:PBS pH 5.5 (1:1)
solvent to provide enantioselective separation of the (R)-isomer, (S)-isomer, R/S-
isomer and (rac)-isomer of MIPs. The corresponding retention times of the RMIP2
were incubated with (R)-thalidomide at the concentration of a 80 ug mL™ as shown in
Table 3.1 under the ACN with PBS of pH 5.5 that provided a good enantioselective

separation for the R-MIP and the S-MIP.
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Figure 3.5A: Chromatograms of the individual thalidomide and various isomers of

thalidomide after extraction on MIP-SPE. RMIP1 that had been incubated with (R)-

thalidomide (I). SMIP3 were incubated with

(S)-thalidomide into the ACN:PBS pH

5.5 at 80 pg mL™ (11) showing the stereoisomers of thalidomide and a mixture of

enantiomer separated on the MIP.
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3.3.2.3 The incubation of blood with other component mixture

Figure 3.5B shows enantioselective chromatograms of the RMIP2 that had
been incubated with the (R)-thalidomide and blood sample (llI). SMIP4 was
incubated with (S)-thalidomide and a blood sample (V). The racemization between
the enantiomers of thalidomide now occurs at physiological pH in a biological matrix
and underwent a rapid spontaneous hydrolysis. However, the isomers of thalidomide

were clearly separated even from the blood sample.
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Figure 3.5B: Chromatograms of the individual thalidomide and various isomers of
thalidomide after extraction on MIP-SPE. RMIP2 were incubated with (R)-
thalidomide and blood sample at 80 pug mL™ (111). SMIP4 was incubated with (S)-
thalidomide and blood sample at 150 pg mL™* (IV), showing the stereoisomers of

thalidomide and a mixture of enantiomer separated on the MIP (l1).
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3.3.2.4 The characteristic of MIPs mixed with resin

SEM was applied to evaluate the characteristics of the imprinted polymer and
resin that was packed inside the column. Figure 3.6 show a scanning electron
micrograph showing the morphology of the RMIP1 with the resin. The images had an
irregular morphology (like microparticles with small cavities). The pore structure of
the imprinted polymer mixed with resin was due to the combined material as shown in
Figure 3.6, after extraction, the size of the particles was 300 nm and this provided a

high surface area for attachment of the analytes.

Figure 3.6: SEM of the RMIP1 (30,000x magnification) with resin when exposed to

the enantiomer of thalidomide in the blood (100,000x magnifications).
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3.3.3 The extraction by MISPE

Figure 3.7 shows the amount of thalidomide bound to the imprinted site from
the MISPE using the four MIP formulations for both enantiomers. The results showed
that the amount of thalidomide bound to the RMIP was much higher in comparison to
its corresponding NIP. This indicated that a large number of (R)-thalidomide specific
binding sites had been produced during the polymerization processes. The adsorption
of the (R)-thalidomide template bound to the RMIP2 was greater than the (R)-
enantiomer released from the SMIP2. However, the same amount of the enantiomer
was released from the RMIP2 and SMIP2 when they were incubated with the
racemic-thalidomide. However, at low concentrations an amount of the template was
released from the RMIP3 into the solution while when the (S)-thalidomide imprinted
polymer was incubated with (R)-thalidomide, it was more easily released than from
the non-template molecules. The RMIP3 or SMIP3 facilitated more binding of the
(R)-thalidomide when incubated with the (RS)-thalidomide. The (R)-thalidomide from
the RMIP4 and SMIP4 had a lower release of (R/S) and (S/R). However, the
adsorption of the (S)-thalidomide to the RMIP4 and the SMIP4 provided only the (R)-
thalidomide. A non-specific binding of the (RS)-thalidomide was observed in the
RMIP4 and SMIP4. This study indicated that, the amount of the bound thalidomide
for the (R)-isomer was much higher than for the other isomers. Consequently, the
RMIP1 showed the lowest selective enrichment of the unbound drug for the (R)-
thalidomide because the (R)-thalidomide had access to the specific site for the (R)-
thalidomide imprinted polymer MIPs. The selectivity was indicated in that the

imprinted polymer would be specific to the enantiomer template used in the
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polymerization. In this study, the use of the MISPE for measuring the MIPs and either
of the two enantiomers can be used to assess the amount and the concentration of

conversion of the thalidomide enantiomer in the solution and the blood.
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Figure 3.7: The concentration of the thalidomide bound to the imprinted site of the
MIP1, MIP2, MIP3, and MIP4 when incubated with the individual enantiomers and

racemic thalidomide by the MISPE.
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3.3.4 Chiral conversion of thalidomide enantiomer in the various solvents

Table 3.2 shows the rate of the thalidomide conversion for both the RMIP4
and SMIP4 at 50 ug mL™. The lowest chiral inversions were observed in the absence
of a polystyrene seed for the (R)-enantiomer MIP3 and MIP4 that was incubated with
the (R)-enantiomer. Complexation within the imprinted polymer beads was low and
the (R)-thalidomide did not easily desorb from the polymer bead by itself but it
diffused in the presence of either the MIP1 or the MIP2, whereas the mass transfer of
the alternative enantiomer was low in an aqueous medium at the ambient temperature

and it had a similar pattern with either of the imprinting polymers over a 24 h period.
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3.3.5 The %age recovery of the extraction and solvent effect

3.3.5.1 The effect of an aqueous solution

The ability to adsorbe the thalidomide enantiomers on the MISPE after
incubation with the thalidomide enantiomers and the racemic mixture for the study of
their chiral conversions in aqueous solvents. The effect of the initial thalidomide
concentration on the adsorption process was evaluated at a specific concentration (20
ng mL™Y), and this was used to evaluate the recovery of the extraction for the
thalidomide enantiomers. Figure 3.8 illustrates the %ages and the enrichment of the
unbound drug to the binding site of the imprinted pattern into the water. The selective
enrichment of the unbound drug from the R-thalidomide MIP was below 60% while
the S-thalidomide provided for a 100% enrichment for both the enantiomers inside the
aqueous environment. The aqueous environment therefore had a significant effect on
the re-binding of the thalidomide. The MIP4 had excellent imprinting factor values
when compared with the control polymer compared to all the other MIPs (The
imprinting factors (IF) were calculated from the microgram of the unbound drug of
the MIPs divided by the NIP compared with one gram of the imprinted polymer). In
the case of the SMIP4 it had the highest imprinting factor (IF of SMIP4 = 13.19).
Also, the SMIP4 incubated with (R)-thalidomide showed a higher enantioselectivity

than did the RMIP4 incubated with (R)-thalidomide in an aqueous solvent.
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Figure 3.8: % Enrichment of the (R)-thalidomide MIPs (a) and (S)-thalidomide MIPs
(b), and control polymer (NIPs) into water. The imprinting factors (IF) were
calculated from the microgram of the unbound drug of the MIPs divided by the NIP

compared with one gram of the imprinted polymer.
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3.3.5.2 The effect of an organic solvent

The influence of the organic solution on the adsorption of the thalidomide
enantiomer and the recognition ability of imprinted binding site in MISPE was also
investigated. The particles of RMIP and SMIP were incubated with (R)-thalidomide,
(S)-thalidomide in PBS at a pH 5.5 with the addition of ACN. Figure 3.9 shows the
effect of the addition of acetonitrile into the PBS pH 5.5 mixture (50:50) on the
selective enrichment of (R)-thalidomide and (S)-thalidomide. This reduced both the
selective enrichment and the imprinting factor with an increase of non-specific
adsorption, especially in the core-shell for the S-thalidomide in contrast to that of the
non-core-shell for (R)-thalidomide. The enantioselectivity of the RMIP and SMIP
were calculated from the selectivity for the (R)-isomer for each of the MIPs divided
by the selectivity of the (S)-isomer. The chiral inversion of the RMIP was decreased
when compared to the chiral inversion of the SMIP (see Figure 3.5A). The observed
differences of the chromatograms between the RMIPs and SMIP could be attributed
to the changing of the conformation of the template after exposure to an aqueous
medium. The results indicated that the rebinding ability of the prepared MIP was
influenced by the effect of the ACN. The RMIP2 provided for a high %age
enrichment of the unbound single isomer of the drug that had an imprinting factor
value = 1.03, while for the RMIP3 the amount of the (R)-enantiomer was lower than
the amount of the racemate thalidomide in the MIP cartridge. In the presence of
acetonitrile the hydrophobic interaction decreased, so the selectivity of the RMIP3
was lower than that of the RMIP2 in this solvent. Although, the NIPs were used for

both the (R)- and (S)-enantiomers, after incubation with both pure single enantiomers,
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a low non-specific adsorption was obtained, which showed that some concentration of
the thalidomide enantiomer was adsorbed with a low enantioselectivity. The RMIP1
and RMIP2 that was bound to the preferential template released much less enantiomer
into the solution than the other formulations. As expected, the lowest selectivity was
observed in the non-imprinted polymer. The obtained SMIP3 exhibited the highest re-
binding ability and showed high imprinting values (IF = 6.45). Both the SMIP1 and
SMIP2 showed that a high amount of thalidomide was adsorbed and then released
into the solution. The SMIP3 and SMIP4 showed higher interactions in the adsorption
process towards the template enantiomer than the SMIP1 and SMIP2. The surface
area of these MIP nanoparticles was enhanced, and had cavities that were specific for
a target enantiomer and were able to distinguish the stereochemical entities of the

enantiomers of thalidomide, and then play a role for an enhanced enantioselectivity.
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Figure 3.9: % Enrichment of the (R) thalidomide MIPs (a) and the (S) thalidomide
MIPs (b) and control polymer (NIPs) into the phosphate buffer solution (pH 5.5); and
the mixture with the ACN (50:50). The imprinting factors (IF) were calculated from

the microgram of the unbound drug of the MIPs divided by the NIP compared with

one gram of the imprinted polymer.
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3.3.5.3 Incubation with the blood mixture

The % enrichment in the ACN:PBS pH 5.5 and the whole blood mixture were
investigated for all the MIPs and both the thalidomide enantiomers. Figure 3.10 shows
the % age enrichment of the template after incubation with the non-template (racemic
thalidomide) for which the imprinting factor of the MIPs was indicated between the
two enantiomers for each of the formulations of the MISPE. The highest IF values for
both imprints of the RMIP1 and SMIP1 formulation towards the (RS)-thalidomide
enantiomer produced the highest values for the imprinting factor (IF of RMIP1 =
38.36, and the IF of SMIP1 = 7.65). This result indicated that the interaction between
the thalidomide enantiomer and the functional monomers of the MIP binding site was
strong when there was a higher molar ratio of methacrylic acid than NVP in the
cavity, and this more easily developed enantioselectivity for the binding of the plasma
protein. Hence the development of racemic thalidomide in the blood sample assay
was possible. Consequently, the MIPs could discriminate by recognizing different
stereochemical properties of the enantiomers from any interference by the matrix did
not disturb the specific recognition for the MIP. The studies in this chapter have
indicated that the surface chemistry of a molecular imprinted polymer prepared by
combination with the thalidomide enantiomers could be attributed to an
enantiormorph related structure and the presenting surfaces for protein binding and

other components in the blood environment on the MISPE.
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Figure 3.10: % Enrichment of the (R)-, (S)-thalidomide MIPs after incubation with
(RS)-thalidomide on the MISPE and blood mixture. The imprinting factors (IF) were
calculated from the microgram of the unbound drug of the MIPs divided by the NIP

compared with one gram of the imprinted polymer.
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3.4 CONCLUSIONS

The evaluation of recognition ability for the synthesized materials on MISPE
represents the adsorption process of the enantiomers and racemic thalidomide have
been carried out with and without the human blood mixture revealed the MIP micro
particles used as a sorbent mixed with the resin had been successfully extracted and
cleaned up a sample before using HPLC method to measure the amount of
stereoisomer species in the sample. The molecularly imprinted polymer could protect
and show configuration change of two enantiomers in an aqueous environment and
the effect of solvent as well as the cells in blood. Moreover, MISPE was used to
quantity the amount and the concentration of conversion of the thalidomide
enantiomer in the solution and the blood sample. Consequently, the racemization
between the enantiomers of thalidomide happens at the physiological pH in a
biological matrix and underwent a rapid spontaneous hydrolysis. However, the

isomers of thalidomide were clearly separated even from the blood sample.
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CHAPTER 4

CHARACTERIZATION AND FORCE ANALYSIS OF THE MIP

NANOPARTICLES SUPPORTED BY A FILM-LAYER

4.1 Introduction

4.1.1 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is used to observe the topographical surfaces
on a nanometer scale. AFM has the ability to determine the morphology of a polymer
coated onto a substrate and also to study any interaction of the analytes by using force
spectroscopy as a dynamic analytical technique (Hugel and Seitz, 2001). The
mechanism of the AFM is based on the detection of forces between an AFM tip,
fabricated from silica or silicon nitride, and the surface of the substrates (Fotiadis et
al., 2002). The interactive forces between the nanoparticles and the film of the
polymer that covers the MIPs would be detected between the probe and the surface by
passing through the probe via the surface, and these forces will enable the AFM
system to record the deflection of the cantilever. These analytical methods using AFM
and force analysis are used to enable the production of data for making decisions
about the formation of the MIPs and identification of the template interactions on

surfaces while forming a coating operation in ambient conditions.
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Figure 4.1: Atomic Force Microscopy (SPA400, SEIKO Inc., Chiba, Japan).

4.1.2 Confocal Raman Spectroscopy

The Raman Spectroscopy technique is involved in the selective absorption of a
small amount of the irradiating light by the molecule’s functional group, which allows
for chemical information of the test compound in a solid-state phase (Robert Allen
Carton., Pharmaceutical microscopy). Raman spectra results from the oscillations of
atoms in molecules due to vibrational transitions and yields information about the
molecular vibrational energy levels. They also provide data from molecular
conformations, structure, intermolecular interactions, and chemical bonding in
organic compounds. Most light irradiating from a reflective, opague object will be

reflected with no change in energy and is referred to as Rayleigh scattering. Most
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Raman experiments utilize Stokes scattering. Since the loss or gain of energy is
relative to the energy of the irradiation light, then the x-axis of the Raman spectrum
should properly be in Acm™, although it is common to drop the delta sign and just
label the x-axis as reciprocal centimeters. Raman spectroscopy provides advantages
for biomedical applications as it requires minimum samples and the Raman spectrum
covers the spectral range between 4000 cm™ and 100 cm™, it can also be used to
identify isomers. Experimental Raman spectroscopy was used to determine the
vibrations of the thalidomide molecular structures. Figure 4.2 shows the Confocal
Raman Spectroscopy technique for the study of Raman spectra and structure of the

molecules that interact on surfaces.

Figure 4.2: Confocal Raman Spectroscopy (NT-MDT, NTEGRA Spectra, Russia).



94

4.2 The objective of the study

The characterization of the MIPs and the use of Atomic Force Microscopy
were used to determine the morphology and to study the interactions between the
thalidomide and the imprinted thin films in ambient conditions. Confocal Raman
Spectra were obtained for the reaction of the thalidomide enantiomer onto the

imprinted nanoparticles films that can be examined on the same sample by AFM.

4.3 Experimental

4.3.1 Chemical and materials

(R)-(+)-thalidomide (98.0%) and (S)-(-)-thalidomide (99.0%) were from

Aldrich Chemical Company (Milwaukee, WI, USA).

4.3.2 Equipment

4.3.2.1 Atomic force microscopy (AFM) and force analysis

A non-contact mode AFM (SPA400, SEIKO Inc., Chiba, Japan), and images
were used to determine the morphology of the imprinted nanoparticles and the surface
patterning in air at room temperature (25 + 1°C). The AFM tip consisted of a
pyramidal SizN,4 (typical radii: 10 nm for etched Si tip). A silicon cantilever was used

with a typical spring constant of 20 N/m in the tapping mode and a scan speed of 1
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Hz. The resulting images were analysed using the software, Nano Navi SPA400
(DEM). The distinct forces on the obtained nanoparticle-MIP films were determined
in the force microscope mode using a HA-NC ETALON cantilever with 110-190 kHz
resonance frequencies and a constant force in the range of 2.5-10 Nm™'with an AFM

(SPA400, SEIKO Inc., Chiba, Japan).

4.3.2.2 AFM with Confocal Raman microscopy (Raman-AFM)

The Raman spectra were obtained using an NTEGRA Spectra system with tip-
enhanced Raman spectra (TERS) (NT-MDT, NTEGRA Spectra, Russia). The Raman
system consisted of a 35 mW He—Ne excitation source of 632.8 nm and a power of
10-12 mW during the Raman and TERS, with a spot size of 1 um. The Stokes-shifted
Raman scattering was recorded using a 1200 grove min™* grating and a Peltier-cooled
charged-coupled device (CCD, Andor Technology PLC, California, USA). The
Raman mapping spectra of the sample films were obtained from 1 x 1 pm at 3 areas.
Multiple spectra were acquired with exposure times of 10 s, using an accumulated
time 12 N under ambient conditions. We focused on a fingerprint region of
approximately 200-1900 cm™', where most of the characteristic vibrational bands of
the thalidomide enantiomers drug on the coated film of the nanoparticles layer were

found.
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4.4 Result and discussions

4.4.1 Nanoanalysis

4.4.1.1 Characterization of the MIP nanoparticles by AFM imaging

The atomic force microscope images were also employed for surface analysis
and measurements of the macromolecular interactions between the imprints with the
template at the surface of the nanoparticles that were used as a stamp. Figure 4.3
shows the AFM images from the non-imprinted and imprinted nanoparticles with
various monomeric mixtures. The RMIP1 and RMIP2 nanoparticles showed imprint
cavities with reversible binding to the template enantiomer on the surface. The
enantiomer drugs were easily accessible to the binding site of the imprint.
Formulation 2 (F2) of the RMIP shows that some visible droplets or clouding of the
drops was observed in the chiral imprinted polystyrene beads formed from the
functional precursors. Consequently; the association increased the aggregated growth
on the (R)-thalidomide imprinted polymer. However, the polymerization of the
RMIP3, RMIP4, and the SMIP-imprinted nanoparticles showed only small values for
the nanotopography that would provide for a greater amount of the enantiomer to be
adsorbed onto the surface. The polymerized (R)-imprinted nanoparticles showed a
high value for the height of the nanotopography that provided for a greater amount of
the enantiomer to be released. Therefore, the RMIP2 nanoparticles provided for
greater accessibility of the enantiomer to the particular sites of the imprint cavities,

and this indicated that the RMIP2 would provide a high selectivity. This was in
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comparison to the NIP that was prepared without the template molecules. The patterns
of the NIP nanoparticles showed only small individual ridges (data of the particle
dimension of the ridge are shown in the Table 4.1). Therefore, the enantiomer
templates had been adsorbed only onto the surface, and had not been adsorbed into
any specific cavity. Consequently, the AFM studies have indicated that there is a
definite binding of the chiral template to the cavities of the enantioselective
molecularly imprinted polymers and even less so for the NIPs. The results can be
clearly explained in that the rebinding of the thalidomide enantiomers to the chirally
imprinted sites allowed for specific adsorption and the selective release predominantly
at the structured surface of the nanoparticle (Joshi et al., 2000). The AFM has
demonstrated the direct assemblies of the template (R)-thalidomide and (S)-
thalidomide into three-dimensional structures on a solid particle within an organic
compound environment, as well as a spatial dimension for the growth and aggregation
due to the response to surface topography of the different imprinted polymers. The
effects of the hydrophobicity and the surface charge distribution play a crucial role in
orienting the template-MIP assembly in the polymer materials. Finally, the template
could be reversibly lost so the specific cavity has an ability for rebinding the template
under these conditions. The thickness of the nanoparticles supported onto glass

substrate was 4-15 nm that used for the recognition of the enantiomers.
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Figure 4.3: Images obtained by non-contact mode atomic force microscopy of the
molecularly imprinted (R)- and (S)-thalidomide enantiomers and the non-imprinted
nanoparticles. Molecularly imprinted nanoparticles showed the self-organized

nanostructure of assembled MIP-nanoparticles.
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4.4.1.2 Force measurements of the molecularly imprinted

nanoparticles

AFM was also a powerful tool that was used to study the interactions and the
physical properties of the nanoparticles and the thin-film layers. A study of the
interactive forces with the AFM applying the force to the cantilever, so when the tip
touched and pressed the sample it was able to probe the small interaction area
(constant force in the range 2.5-1000 Nm™) and provided the high sensitivity of a
small force, while the pull-off tip provided the adhesion force between the tip and the
surface materials. This was because the force experiment by the cantilever onto the
surface provided information about the short-range interaction of the van der Waals
forces. Figure 4.4 shows the force values of the molecularly imprinted nanoparticles
when they were re-binding with their template enantiomers. The data plots show the
movement of the cantilever onto the surface against the deflection of the cantilever
and provided the force values. The force values for the RMIP1 were the lowest at 200
nN compared to 300 nN for the RMIP2 that was comparable with the RMIP3 600 nN
and RMIP4 500 nN, but the (S)-thalidomide had a force value of about 1 nN for all
the cases of the MIPs. The adhesion force provided on the layer surface of the
nanoparticles was due to the presence of thalidomide that fixed on the surface and
showed the interaction between the tip and surface of the molecularly imprinted

nanoparticles..
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Figure 4.4: The force values of molecularly imprinted nanoparticles produced by
using (R)-thalidomide and (S)-thalidomide as template molecules were coated onto

stamped glass substrate nanoparticles.
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4.4.1.3 The characteristics of the MIP nanoparticles supported onto

the thin-film

After studying the characteristic of the imprinted nanoparticles that were
coated onto the glass substrate by micropatterning of the film polymer. The imprinted
nanoparticles were used to print onto the pre-polymer layer of the glass substrate.
Figure 4.5 shows the topography image and the 3D images obtained with the tapping
mode atomic force microscopy of the non-imprinted polymer, (R)-thalidomide
imprinted and (S)-thalidomide imprinted films. The insert images were the magnified
part of the imprinted nanoparticles-coated layer. The variations of the functionalities
of the monomeric components with an increasing amount of the NVP, showed that the
surface roughness of the selective materials was observed with dissolution of both the
thalidomide enantiomers during the incubation in distilled water, and this
demonstrated the coverage of the surface and the specific organization of the site. The
observed different surface morphologies and surface topography of the polymers may
be a consequence of the different chemical functionalizations of the molecular
imprinted sites during the dissolution process. This was attributed to the
intermolecular interactions between the water and the selective materials that led to a
differentiation of the molecular chiral entities of the two enantiomers of thalidomide.
The RMIP2 provided the larger size of the particles with a high nanotopography
(51.03 nm). The SMIP and RMIP nanoparticles also occurred by a self-assembly
process, however, the RMIP3, R-MIP4 and S-MIP nanoparticles among all the MIPs
showed only small nanotopography. This means that a greater amount of the

enantiomer template was adsorbed onto the surface, and this provided for a lower
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release of the enantiomer. It was expected that the RMIP2 nanoparticles provided the
best accessibility for the enantiomer drug to the site of the imprint cavity and showed
a high selectivity. The imprinted site of the RMIP2 decreased the drug against
racemization into the solution when compared with the non-imprinted polymer have
the interaction on surface polymer. The topographical images of the control polymer
and the imprinted nanoparticles showed largely different surface topographies and
allowed for the information of the function of the MIPs. The topography in the AFM
images allowed for the opportunity for the study of the rebinding from the imprinted

sites onto the nanocomponent film.
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Figure 4.5: A tapping mode atomic force microscopy image of the non-imprinted
polymer, (R)-thalidomide imprinted and (S)-thalidomide imprinted films. Insert: The
AFM image of the surface on a polymer-coated layer for the NIPs, RMIPs and SMIPs
as a stamp that was formed into the MIP nanocomposite layer or the coated MIP

nanopattern that remained on the film after removal of the template.
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4.4.1.4 The roughness values

The roughness (R,) values of the imprinted nanoparticles and the thin film
layers that were produced by using nanoparticles as a stamp are shown in Figure 4.6.
The summarized data about the dimensions of the particles, the layer thickness,
nanotopography and the separation distance upon the formation of the passivated
surface layer are shown in Table 4.1. The R, values for the imprinted nanoparticles
were reduced by the formation of the core-shell that had a poly(styrene) seed and thus
could allow for variations to the surface height in the outer layer among the four
formulations of the nanoparticles. However, the SMIP3 had a high roughness value
because the surface of the SMIP3 nanoparticles showed the nanotopography. The
nanotopography showed that the integrated gold layer that was coated onto the
electrodes produced high values for the roughness. The thin films of the MIP3 and
MIP4 in the absence of polystyrene provided for a higher separation distance of the
nanoparticles and also showed better nanotopography. The results indicated that the
effect of the nanotopography on the thin-films of MIP3 and MIP4 provided for a
greater amount of the drugs to be adsorbed but a lower amount of the drugs to be
released. Then, the MIP1 and MIP2 films could allow for the transport of the
thalidomide from the binding site within the MIP easier, and increased the porosity of
the MIP due to the reduction of the surface defects from the rapid fabrications of the
coated layer. This promoted the diffusion pathway from the templating nanoparticles
into the passivated surface layer. The experimental data shows that the dimensions of
the particles of the NIPs were larger than those of the imprinted films. The small

particle dimensions provided for a high surface area and a better accessibility to the
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analyte matrix in the blood samples assay more than for the NIP, and the appropriate
interspace along the surface of the nanoparticles could increase its dependence on the
sensitivity toward nanotopography for all the MIPs. Evidently, the selectivity of the
imprinted polymer changed, during the 6 months that it took for the templates to be
fully released. The recognition ability of the imprinted molecules to those of the
binding behavior of the polymer particles were accessed by the batch rebinding
experiments (Figure 4.7). The MIP2 on the polymer surface allowed for the highest
nanotopography height that would provide for the adsorption processes and for a
release of a high amount of the drug enantiomer. This was attributed to the carboxylic
acid of the MAA that was capable of forming electrostatic and hydrogen bond
interactions with the imide moieties on the phthalimide and glutethimide of the
thalidomide. The NVP functional monomer provided for the formation of the H-
bonding when compared with the other formulations. We assumed that the integration
of the monomer mixtures were into the macromolecular networks instead of using the
functional monomer(s) for the (R)-thalidomide imprinted polymer, that allowed for
an optimization of the steric fit and the accessibility to the imprinted sites. Despite the
minor differences in their surface morphology, the absence of the PS during the
polymerization process led to the disappearance of the droplets in the F3 of the (S)-
thalidomide imprinted nanoparticles but aggregates of the particles were observed in
the AFM images of the F2 of the (R)-thalidomide imprinted nanoparticles (see Figure
4.8) as compared to the corresponding NIP. This illustrated that some of the possible

variations that occurred, with the imprinting was related to van der Waal forces.
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Figure 4.6: The roughness values of the NIPs and MIPs prepared by using (R)-
thalidomide and (S)-thalidomide as the templates and various monomer functionalities

for core-shell and non-core-shell (a) onto the thin film coated IDC (b).
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Table 4.1: Data of the reproducibility of the control polymer, the (R)-thalidomide

imprinted polymer and the (S)-thalidomide imprinted polymer from the surface-

imprinting processes.

Polymer Particle Layer thickness Interspaces Ridge
dimension (nm) (nm) dimension (nm) (nm)

NIP1 37.15 1.26 30.30 37.65
R-MIP1 18.90 0.83 12.95 16.45
S-MIP1 67.40 0.24 26.21 39.38
NIP2 56.07 0.88 58.08 18.74
R-MIP2 17.78 0.62 16.76 51.03
S-MIP2 11.89 0.57 19.22 17.89
NIP3 40.25 0.25 50.57 34.92
R-MIP3 12.24 0.24 13.94 15.75
S-MIP3 28.19 0.27 18.86 25.25
NI1P4 23.08 0.36 19.92 30.25
R-MIP4 12.37 0.28 14.74 18.80
S-MIP4 19.50 0.06 14.01 35.22
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4.4.1.5 Force measurements of the imprinted thin films

The analysis of the forces of the MIPs coated onto the glass slide were carried
out to determine the interaction of the nanoparticles at the interfacial surface on the
coating layer. Figure 4.7 shows the force curves obtained from the AFM images of the
RMIPs. The subtle differences of the separation distances for the retraction of the
force-distance curve at the affected area was similar for the outer layer of the three
RMIPs, and showed hysteresis in most RMIPs, except for the RMIP1 where the
separation distance was narrow. Also, the SMIPs led to layer hysteresis for all of the
SMIPs (Figure 4.8). The results indicated that the indentation depth and the stresses
were related to the mechanical forces and an intermolecular interaction of the
interacting surfaces. This was noticeable for the hysteresis in these RMIPs and also
the SMIPs during the retraction of the force distance curve. The R-MIP1 with no
hysteresis must have the same interactive surface because of the van der Waals forces
between the intermolecular interactions and the large adsorption on the embedded
film of the polymer nanoparticles. It was likely to act as an adsorbed substrate as a
result of the dissolution of the hydrophobic drug (R)-thalidomide itself as the
templates grew in a controlled manner that could minimize the structural defects. So
the mechanical force measurement did distinguish the surface characteristics of these

RMIPs.
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Figure 4.7: The force curves of the RMIP1, RMIP2, RMIP3, and RMIP4 films that

were produced by using the poly(MAA-co-NVP)-crosslinked with the DHEBA

polymer.
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Figure 4.8: The force curve of the SMIP1, SMIP2, SMIP3, and SMIP4 films were

produced by using poly(MAA-co-NVP)-crosslinked with the DHEBA polymer.
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4.4.1.6 The characteristic of the RMIP films after washing out the

template

We have utilized the contact mode AFM to confirm the characteristics of the
enantiomers after washing out the template by using distilled water onto the imprinted
site of the imprinted films. Figure 4.9 shows the Raman-AFM images of the RMIP3
and RMIP4, and showed the different surface orders and arrays of the nanoparticle-
films. The adsorption sites of the nanoparticle on the adjacent particles appeared to
influence the final patterned particles to adsorb close to the adjacent particles. The
RMIP3 showed the presence of the adsorbed particles onto the surface of the
imprinted thin-films. In the case of the RMIP4 the enantiomer drugs that provided the
imprinted cavity of the enantiomer drug were removed. The enantiomer can be
adsorbed onto the adsorbed sites by weak forces, of van der Waals interactions
because of the drug attached to the imprinted site onto the glass slides. The AFM
images can be used to confirm the characteristics of the binding sites of imprinted

polymer based on the MIP nanoparticles as the stamp in the polymer coating.
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Figure 4.9: The three-dimensional AFM images and topographical image of the (R)-
thalidomide imprinted nanoparticles of the RMIP3 and RMIP4 both of which were

stamped onto the respective film layers of the polymer after it was washed out.
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4.4.2 Surface enhanced Raman scattering (SERS)

SERS was used to study the interactions of the enantiomer template onto the
coated films containing the RMIPs and SMIPs at the thalidomide concentrations of 50
pg/mL using the Raman-AFM with the hybrid method. It was found that the detection
sensitivity was increased by the MIP layer on the Au-coated IDC. The higher
sensitivity was because of the amplification of the electromagnetic field by the SERS

substrate.

4.4.2.1 (R)-thalidomide imprinted thin film

After the extraction on the MIP-SPE the Raman spectroscopy was utilized on
the outer layer of the MIPs nanoparticle-film layers that provided for a lower release
of the drug template. Figure 4.10 demonstrated the Raman spectrum of the (R)-
thalidomide standard and imprinted films by using the nanoparticles of the (R)-
thalidomide as a stamp after washing out the template. The slower rate of the
thalidomide enantiomers on the RMIP3 and RMIP4 nanoparticles agreed with the
intensity of the imprint of the Raman spectra of the R-thalidomide of between 1500-
1800 cm™ upon exposure to the blood. According to the rapid transport of the
enantiomers onto the R-MIP1 and R-MIP2, they showed only a very slight intensity
of the Raman spectra over the film which indicated a thinning of the layer coating and
the total extraction of the enantiomer template from the imprinted films. The
substantially tighter nanotopography on the surface-coating, in the cases of the

RMIP3 compared to the RMIP4. (Figure 4.10) was most likely due to the interaction
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of the drug-MIP within the imprinted cavities. There was also an additional peak at
1445.83 cm™ in the spectrum of RMIP3, and RMIP4 belonging to the C-H bend and
the cyclic C-C stretching. There were also the vibrations of the substituted-benzene

portions of the molecule at the 800-400 cm™ regions.
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Figure 4.10: Raman spectra of the (R)-thalidomide and the (R)-thalidomide imprinted
films (RMIPs) as a stamp after washing out, showing some of remained template onto

the sample of the polymer.
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4.4.2.2 (S)-thalidomide imprinted thin film

Figure 4.11 shows the Raman spectra of the (S)-thalidomide enantiomers and
the (S)-thalidomide imprinted thin films after washing out the template. There was a
low intensity in the 1500-1800 cm™ region and the SMIP1 and SMIP4 that were
comparable to the standard solution of (S)-thalidomide, but the strongest intensities of
the thalidomide enantiomer was found for the SMIP3 because of the interaction after
the self-organization in the mesoporous pores. Obviously, only the SMIP2 showed the
Raman shift at the 1100-1200 cm™ region that was the Raman vibrational modes for
the benzene and was similar to those that occurred for the RMIP3 and RMIP4. The
bands at 1445.91 and 1599.63 cm™ might be assigned to the in-phase shift of the
carbonyl (C=0) stretching of the imide group on the thalidomide structure,
particularly in the SMIP2. The SMIP3 showed the strongest intensity bands between
1200-1450 cm™ that included 1249.03 and 1317.53 cm™ that was accounted for by
the highest roughness of the nanoparticles of this material (see Figure 4.6), while it
had a reduced nanotopography of the film cast as compared to the other MIPs. These
Raman peaks were attributed to the CH, deformations or a C-N-H stretch-band. The
low intensity bands occurred in the 1300-1400 cm™ range that may be assigned to the
C-0O and the C-N-C stretching. These results demonstrated the ability of the Raman to
distinguish between the differences of the transport behavior of each of the
thalidomide enantiomers on these MIPs. These results provided key information of
the interactions of the chiral pharmaceutical compounds in the recognition system of

the solid materials.
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Figure 4.11: Raman spectra of the (S)-thalidomide alone and the (S)-thalidomide

imprinted films embedded with the SMIPs as a stamp after washing out the template.
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4.4.2.3 Study of the interaction of the biological compound with the

thalidomide enantiomer in the imprinted nanoparticle stamped film

All of the MIPs after exposure to the enantiomer were adsorbed onto the
imprinted films and washing off the enantiomers of thalidomide was inspected by the
Raman intensity peaks using the confocal Raman-AFM. The biological system
consisted of CER, cholesterol and BSA that were admixed separately with the
thalidomide enantiomer to study the effect of these biomolecules on the chemical
properties of the thalidomide enantiomer. The blood component mixture containing
the human serum albumin, cholesterol and ceramide were mixed at (w/w) 1:1:1 ratio.
The Raman spectrum of the biological sample incubated with the imprinted
nanoparticles and the (R)-thalidomide and (S)-thalidomide enantiomer as a template at
50 pg mL™', were as shown in Figure 4.12&4.13. The Raman AFM image showed that
the adsorbed layer of the biological component had a complexity in the organization
of the thin surface. The RMIP3, RMIP4, SMIP3 and also SMIP4 showed a high
binding and a rapid saturation following incubation of the coated film on the glass-
substrate that contained the non-core shells. The MIP3 and MIP4 showed the intensity
shift of the Raman spectra of the (R)-thalidomide and (S)-thalidomide on the imprints
at 900 and 450 cm™, so they were assigned to cyclic C-C-C bending and N-C-O
bending. These intensity shifts can be explained by the reversibility of the
enantiomers that was reduced in this material, and reflected the protein binding of the
thalidomide enantiomers. These results were achieved because of the fine-tuning of
the molecular recognition and the more selective stabilization of the template

enantiomer over the non-templated enantiomer between the imprinting polymers and
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the respective enantiomer template as compared to the non-imprinted control
polymer. This also prevented the occurrence of bidirectional racemization. Because of
the influence of the solid surface on the thalidomide enantiomers that had been
exposed to the macromolecular environments that were probed by the surface
chemistries of these two imprinted polymers. Also the mechanical force parameters
were probed and were correlated to the molecular imprinting protocols to generate the
selective binding of the thalidomide enantiomers. The concern over the deposition of
the biological system on the interfacial binding surface being overcome by the cast
films is for masking the protection and that a film coat can be utilized for the
separation and drug delivery of the thalidomide enantiomer, that have been mostly
investigated at ambient conditions. Based on the MIP-SPE results and the Raman
spectroscopy based on the synthesized material it was highly appropriate for the
application to diagnose and the sensor that was relevant to the recognition ability of
the MIP upon the spatial deposition and imprinting processes. The thickness of the
film cast played an role on the migration of the substrates and the detection of the
thalidomide enantiomers through the adsorption process, and this has been an

important consideration in the design of the affinity phases for separation.
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Figure 4.12: The characteristics of the Raman spectroscopy of the ceramide (CER),
cholesterol, and bovine serum albumin (BSA) mixture and the incubated mixture with
the (R)-thalidomide on the adsorption of the imprinted nanoparticles, when the

concentration of the (R)-thalidomide was 50 ug mL™.
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Figure 4.13: The characteristics of Raman spectrum of the ceramide (CER),

cholesterol, and bovine serum albumin (BSA) mixture and the incubated mixture with

the (S)-thalidomide on the adsorption of the imprinted nanoparticles.

concentration of the (S)-thalidomide was 50 pg mL™.

The
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4.5 Conclusion

In this study, the determination of AFM images and Confocal Raman spectra
were performed, which the measurement provided the information. The AFM showed
the assemblies of the template (R)-thalidomide and (S)-thalidomide into three-
dimensional structures of the imprinted sites of MIPs corroborating to success of the
synthesis for the specific cavities that confirmed by the topographical images. The
biological interaction of thalidomide could be detected onto the surface of the thin-
film and the surface charge distribution plays a crucial role in orientation of the
template-MIP assembly in the polymer materials that showed from the different force
values depend on the movement of the cantilever onto the surface against the
deflection and adhesion of the cantilever. For that reason, it had been successfully to
prepare MIPs films on to the glass substrate by using MIP nanoparticles as the stamp
in the polymer coating.

In addition, the interactions of the chiral pharmaceutical compounds in the
recognition system onto the coated films containing the RMIPs and SMIPs were
established with SERS techniques. A SERS technique also increases the sensitivity of

Raman spectra which could separate the differentiation of both the enantiomers.
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CHAPTER 5

THE STUDY OF MIP NANOPARTICLES SUPPORTED FILMS LAYER
COATED INTERDIGITATED ELECTRODE AND THE APPLICATION
FOR ANALYSIS OF THALIDOMIDE ENANTIOMERS

IN THE BLOOD

5.1 Background

5.1.1 Interdigitated capacitance electrode (IDC)

Sensors based on microchanels with a planar interdigitated gold electrode
array were studied. An interdigitated gold microelectrode provided the specific
characteristics. The interdigitated gold electrode array consisted of a planar glass
supported with a gold electrode that consisted of a ten-finger print. It was suitable for
miniaturized sensor arrays. The principle of the capacitance detection was based on
changes to the electrical resistance between two parallel electrodes from the reaction
into solution (Gebbert et al., 1992). The conductivity decreased with an increase of a
bound analyte. When different amounts of analytes were bound to a planar gold
electrode, differences occurred in the resistance signal. This phenomenon caused a
change in electro-conductivity due to changes in ion transfer. The capacitor consisted
of an insulating material called a dielectric according to equation (1). The diffusion

due to electromigration of the analyte can also be calculated according to equation (2)
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to study the rate of the analyte bound/unbound to a planar gold electrode (Nilsson,

1977).
C (capacitor) = Capacitive resistance x 2 =~ =-=-=----mmmmmmmeemmeee (1)
314 xf
D = DoM(T)*™®x 101x10° s )
RT Cpsat
Where, f = Frequency (60,000 Hz)

C = Resistance from IDC electrode

D = Molar mass of diffractivity of the thalidomide enantiomer (m?/s)
Do = Diffractive coefficient of the water-vapor-air mixture (2.5 x 10®)
M = Molecular weight of the thalidomide molecule (M = 258 g/mol).
Psat = Saturated vapor pressure, Pa (7.21 mmHQ)

R = Gas constant (R = 8.314 JK™* mol™)

T = Temperature, K

In this study, the focus was on the development of an MIP based IDC sensor
array for the detection of a specific enantiomer of a drug in a biological sample. Due
to micropatterining-based electrochemical sensor systems have become attractive for
excellent affinity separation and quantitative detection (Aherne et al., 1996). The
applications of the inter-digital capacitance (IDC) transducer combined with the MIP

as a sensor layer included the medical, biological (Ibrahim et al., 2013) environmental
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diagnostics (Suedee et al., 2006), (Jungreuthmayer et al., 2012) and for the detection
of mango volatiles (Hawari et al., 2013). There has been an increased attention to
integrate the IDC gold electrodes with the MIP layers that can be used to produce a
sensitive chemical sensor system for detecting drugs such as fenvalerate and
pazufloxacin and other small molecules such as glucose. Applications combining
MIPs and micropatterning technology have been proposed that have high selectivity
and affinity for a selective binding to analytes from within a biological mixture
containing structurally similar compounds. Thin films of an imprinted polymer were
produced as a layer that was coated onto an IDC electrode that was used to improve
the ability of the materials to analyze binding in biological fluids. The advantage of
the analysis method by IDC is a label-free, inexpensive, and promising detection
method that is performed in the presence of an electrical field and allows for the
detection and quantification of target molecules in complex mixtures. Nevertheless,
the disadvantages associated with interdigitated electrodes are its limitations in the
production of a short and reproducible distance between the two conductors, and
sensitivity to changes in the bulk solution. To overcome this problem, a reference cell
without a recognition element can be used to compare with the recognition materials
modified onto the electrode. Figure 5.1 shows the electrical circuit of IDC in this

study having a comb-type pattern of gold electrode.
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Figure 5.1: A comb-type of IDC electrode having gold pattern as electrical circuit on

a glass substrate (Suedee et al., 2006).

Method for the measurement of the molar mass of the thalidomide enantiomer
through the flow cell system that has a comb type IDC electrode 10 finger prints as a
transducer, The advantages of finger prints in the circuit of IDC were easily to detect
the sample inside the small chamber and the parallel circuit can significantly increase
the sensitivity with-out increasing the device size. (Tarikul et al., 2015). The
measurement of the resistance signal on the interaction between the molecularly
imprinted polymer and the analyte was performed by an ohmmeter. The diffusion of
the enantiomer drug to the imprinted layer could be measured under the same
condition as those for the non-imprinted polymer. A method for analysis by sensor
measurements of both the thalidomide enantiomers that had been exposed to the
biological matrix compound of whole blood samples, cholesterol, bovine serum
albumin (BSA), and ceramide has been studied. This can be achieved by generating a
recognition site in the polymeric matrix by molecular imprinting technique.

Therefore, the MIP nanoparticles have been prepared with the recognition sites for the
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(R)-and (S)-thalidomide within a polymeric crosslinked chains, which subsequent
coating on the IDC for resistance response measurements. The application of
resistance measurements due to diffusion pathway and template accessibility to the
imprint site give rise to the interaction of MIP-template complex in the imprinted
cavity stereoisomers of thalidomide in solution and increase the resistance signal and
the consistency of resistance response on the insulating layer, so called polarization

resistance.

5.2 The objectives of this study

The objective of this chapter was to develop thalidomide enantiomer sensor
based on molecularly imprinted polymer onto interdigitated transducer system for
application to assess the interaction between thalidomide enantiomers in the presence
of protein matrixes.

- To examine the recognition ability of both the (R)- and (S)-thalidomide on
the molecularly imprinted nanoparticles supported with thin films using an
interdigitated gold electrode

- To study the molecular interaction of the thalidomide enantiomers with and
without a mixture of whole blood samples or a mixture of cholesterol, bovine serum

albumin (BSA) and ceramide.
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5.3 Materials and methods

5.3.1 Chemicals and reagents

Methacrylic acid (MAA), 1-vinyl-2-pyrrolidone (NVP), N,N'-(1,2-
dihydroxyethylene) bisacrylamide (DHEBA), (S)-(-)-thalidomide (99%), (R)-(+)-
thalidomide (99%) were from Aldrich Chemical Company (Milwaukee, WI, USA).
2,2 -Azobisisobutyronitrile (AIBN) was obtained from Waco chemical company
(Ozaka, Japan) and kind gift from Prof. Peter A. Lieberzeit for which many thanks.
Sodium phosphate dibasic (Na,HPO,) and sodium phosphate monobasic dihydrate
(NaH,PQO4.2H,0) were from the Sigma Aldrich Company (Milwaukee, W1, USA). All
other solvents used were of analytical reagent grade and were used without further

processing.

5.3.2 Biological compound

The study of the binding of thalidomide enantiomers to the imprinted polymer
layer in the presence of bovine serum albumins, cholesterol, ceramide and blood
sample have been carried out, which produce the information about the natural
interaction of the biomolecules. To determine the resistance signals of the insulating
layer on IDC, the selection of biological matrix consisting of the bovine serum
albumins, cholesterol, ceramide because of the mimicking physiological effect of

these compounds in this work.
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5.3.2.1 Ceramide

Ceramide from the bovine brain (98% TLC) was from Sigma Aldrich

Company (Milwaukee, WI, USA).

O

M

HN (CH2)16CH3

HO\/-Y\/ (CH2)12CH3

OH
Figure 5.2: Chemical structure of ceramide.
5.3.2.2 Albumin from bovine serum

Bovine serum albumin (BSA) was from the Sigma Aldrich Company

(Milwaukee, WI, USA).

Figure 5.3: Chemical structure of bovine serum albumin (BSA).

(http://www.rcsb.org/pdb/explore/explore.do?structureld=4F5S)
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Cholesterol was from the Sigma Aldrich Company (Milwaukee, WI, USA).

H3C
CH;

Figure 5.4: Chemical structure of cholesterol.

5.3.2.4 Human blood sample

Figure 5.5: Human blood samples from healthy volunteers.
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5.3.3 Preparation of the MIP nanoparticle-layer

Precise control over the distribution of the particle size in the pre-polymer
mixture was essential for reducing any defect in the resultant sensor layer. It has been
found that the formation of the sensitive layer was achieved by controlling the shape
and size from the imprinted nanoparticles that had the distribution of the particle size
and a particle size of about 300 nm was used to ensure a greater density with the
particle adhesion is improved. The procedures for preparing a pre-polymer of either of
the two different types of MIP nanoparticles were carried out by using the monomer
mixtures as shown in Table 5.1 except for the absence of a template. The monomeric
mixtures were sonicated for 30 min, followed by addition of the initiator (0.73 mmol).
These monomeric mixtures were purged with nitrogen gas for 1 min, and the mixture
was pre-polymerized at 70 °C until the gel point was reached in about 5-10 min. The
gel (1:2, v/v) was diluted with water, and then 50 pL of solution were then dropped
onto the surface of the electrode. A 25 pL of the suspension was admixed with the
pre-polymer coated onto the electrode, and polymerized at 60 °C overnight. The
nanoparticles that remained on the surface of the film were removed from the coated
film by using distilled water. A non-imprinted nanoparticle was also dropped onto the

coated film by the same procedure for the imprinted nanoparticles.
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Table 5.1: The composition of the pre-polymer polymer layer.

Components Amount

MAA 0.60 mmol

NVP 0.20 mmol

DHEBA 0.05 mmol

AIBN 0.02 mmol
Acetonitrile: water (3:1) 800 uL

5.3.4 Set-up of IDC sensor and measurements

The preparation of a pre-polymerised layer onto an interdigitated electrode
was as follows. MAA (50 mg, 0.6 mmol) NVP (20 mg, 0.2 mmol), and DHEBA (10
mg, 0.05 mmol) were dissolved in 800 uL of acetonitrile: water at a ratio of 3:1 (v/v),
followed by the addition of AIBN (3 mg, 0.02 mmol). These monomeric mixtures
were purged with a stream of nitrogen gas for 1 min and pre-polymerised mixture at
75 °C for 2 hour in a water-bath. Nanoparticles of either the (R)- or (S)-thalidomide
imprinted polymer (RMIPs or SMIPs) after they were admixed with the polymeric
mixture were dropped onto the pre-polymerised layer and placed in an oven for 24
hour. The interdigitated gold electrode and wire connections with electrode-contacts
were merged with a 16 mm x 13 mm, 3 mm poly (dimethylsiloxane) pad. The silicone
pad of 11 mm x 9 mm x 1 mm had holes for the sample inlet with a 1 mm diameter
outlet that were drilled through the cavity with a total internal volume of 90 uL. A
perspex housing-box size was 3.5 cm x 4.5 cm x 0.4 cm. The flow analysis system of

the sensor consisted of a liquid port for delivery of a water sample from a sample-
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reservoir, a peristaltic pump, operated at a continuous flow rate of 0.1 ml min™', that
was driven by a peristaltic pump (MCP-Process Series, Ismatec SA, Wertheim-
Mondfeld, Germany). The sensor output signals were monitored using an chmmeter
(Tonghui, Taipei, Taiwan) from the sensor display on the PC laptop screen (Figure
5.6). For the initial measurement, the electrical resistance of the sensors was measured
with the bare gold electrode as a reference. The detection of the samples was carried
out at room temperature (28 + 1 °C). The sensor signal of the MIP-based IDC sensor
was measured as a function of the changes to the resistance of the polymer after
exposure to the (R)-thalidomide or (S)-thalidomide with concentrations that ranged
from 0.025-100 pgmL™. A control experiment was carried out with the corresponding
NIP. The signal response towards the concentrations of the analyte was reported as a
resistance (R), where R was the average resistance response after the addition of
known amounts of the thalidomide enantiomer. Every experiment was carried out in

triplicate to obtaining mean values and the standard deviation (SD).
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e) Resistance read-c

(iv) Tubing for inlet the sample

(i) Wire connections

(ii) Polydimethylsiloxane pad | =

(iii) Interdigitated capacitance electrode (IDC)

Figure 5.6: The sensor set-up of the MIP-based IDC consisted of a liquid port for
delivery of a water sample from a sample-reservoir (a) and the online system
connections with a peristaltic pump (b), a low ohm meter (c) and the flow cell (d)
equipped with MIP layer coated onto the electrode. The resistance signals were read-
out by computer software (e). The expanded images show the sampling cell of MIP
layer chip consisting of (i) wire connection (ii) polydimethylsiloxane pad (iii) IDC

electrode (iv) tubing for inlet the sample.
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5.3.5 Methodology

5.3.5.1 Atomic force microscopy (AFM)

To examine the characteristics of the (R)-thalidomide and (S)-thalidomide
imprinted films on the IDC. A Dynamic Force microscope: DFM (SPA400, SEIKO
Inc., Chiba, Japan) was used to measure the surface morphology of the imprinted
films after detecting the resistance signal onto the electrode. The nanoparticles of the
film were measured in air at room temperature (25 £ 1°C). The AFM tip Si3Ny
consisted of a pyramidal shape with a nominal tip radius of 10 nm, and a spring
constant of 20 N/m. The resulting images were scanned over 500 nm? with 256 x 256
pixels, and a scan speed of 1 Hz. The topography at the selected area of the imprinted
nanoparticles was attached onto thin-film and the imprinted nanoparticles were
attached with the biological matrix after sensor measurement that was first imaged by
DFM, and the measurements of the force-distance were transferred from the AFM
contact mode and the force analysis was obtained on the nanoparticle-MIP films in
the same area. All experiments of images were achieved using the force measurement

software SP14000 Nano Navi SPA400.
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5.3.5.2 Confocal Raman Spectroscopy

A confocal Raman spectroscopy (NT-MDT, NTEGRA spectra, Bosco, Russia)
was used to investigate the vibrations of a single enantiomer of the thalidomide. The
imprinted polymer nanoparticles were coated onto films of the pre-polymer, the
imprinted films of (R)- or (S)-thalidomide was then used to identify the structure of
the reactivity of drug enantiomer that interacted by a self-assembly process after the
drug was exposed to the biological material: bovine serum albumin, ceramide,
choresterol. The Raman-AFM consisted of an excitation light source at 632.8 nm
(50mW, He-Ne laser), that delivered 3 mW to the analyte, using a 100 x objective
lens (Olympus, Japan) with a spot size of approximate 333 nm. A monochromator
grating of 1200 grooves/mm was employed together with an air-cooled charge-
coupled device (CCD) detector that recorded the Raman signal at the operating
temperature of —60 °C. Multiple spectra were acquired with an acquisition time of 60
s (exposure time of 10 s, and accumulated time 6 N). The reflection image was
detected for all the samples from the photo multiplier tube: the PMT within the
wavelength of the Raman spectrum. The PMT image was scanned at 1 pm with 256 x
256 pixels, and the resolution was approximately 3.9 nm/pixels under ambient
conditions. We focused on a fingerprint region of approximately 100 — 2000 cm ',
where most of the characteristic vibrational bands of the thalidomide were found. One
microliter of sample was dropped onto the silver substrate that worked as the Surface

Enhanced Raman Spectroscopy (SERS) substrate. The sample was driven in at room

temperature for 1 h, prior to measurement. The silver thin film was prepared by using
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the RF magnetron sputtering (model), with a thickness of 200 nm, and an RF power

of 150W, an Ar flow rate of 20 sccm.

5.4 Results and discussions

5.4.1 The characteristic of MIPs onto IDC electrode

The MIP-based IDC was used for resistance measurements resulted in the shift
of a signal between the two conductors of the gold electrode which the recognition
element of imprinted nanoparticles supported onto thin films immobilized between
them which is necessarily desirable and robust material. The thin-film integrated
nanoparticles for immobilization onto the electrode required close contact to the
transducer system to be useful for application as a sensor. The SEM images of the
obtained MIP nanoparticle-films after washing the nanoparticles onto the coated films
with particle sizes of 300 nm (see Figure 3.6) were examined, as the MIP
nanoparticles template. The results showed planar surfaces of the interdigitated gold
electrode and a very thin-film in Figure 5.7. It was noted that the coated particles were
appropriately formed and that two key factors were to control the particle size
distribution in the slurry and the selection of the solvent. Figure 5.7 illustrated the
SEM images of the (R)-thalidomide-imprinted nanoparticle (Figure 5.7 (1) and (S)-
thalidomide imprinted nanoparticle (Figure 5.7 11) supported by the thin film coating
onto the IDC. RMIP1 and RMIP2 and also SMIP1 and SMIP2 had cavities on the
surface with a specific shape that allowed the RMIP1 or SMIP1 nanoparticles to be

removed from the films. For NIP nanoparticles on thin-films, they showed the particle



138

appeared on the coated thin-films supported on the IDC. From the NIP2 we see that
the particles are almost spherical in shape with irregular surface and embedded inside
the film. The film is highly non-specific particles was remained onto the thin-films, as
can be seen in Figure 5.7 (111). The effect of the nanotopography of the core shell,
MIP1 and MIP2 for either templates due to poly(styrene) during the formation of the
chemically modified layer that was formed with the same composition as the MIP.
Therefore they produced low stress and led to the greatest planarity of the MIP
nanoparticle-film layer compared to the other formulations. In the case of the MIP3
and MIP4 for either two templates after extraction of the nanoparticles, the drug was
adsorbed onto the selective pattern causing a complete covered surface, this is
because of the very low force required to maintain low static removal rates by the
non-core-shell upon the deposition of the low dielectric film on gold electrode.
However, the surface of the coated electrode with the junction regions showed
overlapping of the insulating layer. This was the changes of the nanoscale dimension

that affected the nanotopography on the IDC.
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(1

500 pm

Figure 5.7 (1): SEM images of the (R)-thalidomide imprinted nanoparticles supported
by the thin-film coating onto the IDC gold electrode with the pores of MIP
nanoparticles on porous materials. (Top: 10 X magnifications, bottom: 100 X

magnification).
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(1)

Figure 5.7 (I1): SEM images of the (S)-thalidomide imprinted nanoparticle supported
by the thin-film coating onto the IDC gold electrode (Top: 10 x magnification,

bottom: 100 x magnification).
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()

Figure 5.7 (111): SEM images of the non-imprinted nanoparticles supported by the
thin-film coating onto the IDC gold electrode (Top: 10 x magnification, bottom: 100 x

magnification).
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5.4.2 IDC Sensor measurements

The IDC sensor measurements of the MIP nanoparticle-films on the IDC that
contained varying functional monomers among the core-shell and non-core-shell
MIPs were verified. To present the phenomenon of the resistance signal on different
concentrations of thalidomide enantiomers, we used excel software to plot scientific
concentration numbers of logical at x-axis. Figure 5.8 shows the sensors response at a
fixed concentration of (R), and (S)-thalidomide enantiomer without the biological
compounds of the RMIP and SMIP formulations, respectively on IDC. It seems that
the introduction of the RMIP1 core-shell increased the densities of the layer-coating.
This was desirable in order to produce a higher planarization, and allowed for the
dielectric matrixes and the highest sensitivity for the drug-MIP interactions with a
high specificity compared to the corresponding NIPs because RMIP1 showed the
excellent interaction with the (R)-thalidomide. The sequentially dropped analytes
(0.025-100 ng/mL) allowed for signal responses that was initially high and dropped
off at the beginning of the addition of the analyte beyond 20 ug/mL. This indicated
that the imprinted polymer coated with nanoparticles stamped. In contrast, the non-
core-shell, SMIP3 and SMIP4 that contained the same monomeric precursor as the
RMIPs showed a smaller signal response of the template. The non-core-shell MIP
mostly showed electrical resistance responses as a function of the concentration of the
enantiomer on the IDC. This is attributed to the MIP-template interactions which
showed a reasonable signal response with an increase in the enantiomer concentration,
but leveled off at between 30-100 ug/mL (Figure 5.8). In addition, the RMIP1

nanoparticle-film layer fixed onto the electrically active parts of the gold layer
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produced uniform features. It was also preserved due to the strength of the structure
between the insulating layers and nanoparticles stamped. The fine-tuning of the
morphology of the nanoparticles and the precise control of the chemical properties in
the nanoscale dimension by adjusting the functional monomer within the MIP binding
sites was extremely important to ensure the uniform features of the coating layer of
the nanoparticles. Indeed, the former material contained a core-shell of poly (styrene),
that the cast film allowed for both the gold and insulator combined for the conducting
properties, but removal of the contamination between the channel. As shown in the
SEM image, in Figure 5.7, the structure and electrical characteristics of such a
material through introduction of the insulating layer that was important for the signal
from the interaction of the MIP-template that allowed for an improved performance of
the circuit. Therefore, the fabrication of the nanoscale embedded structure onto the
nanoparticles led to a three-dimensional device of the drug-MIP inside a nanoscale
film attached to the IDC for application as an electronic sensor. The results showed
that the approach had the potential to distinguish between chiral entities of
thalidomide. In addition, the imprinted nanoparticles supported thin films on the gold
electrode had been examined for the resistance measurement in the presence of MIP-
IDC sensor response to the analyte. To examine the selectivity and sensitivity of the
thalidomide imprinted polymer in the presence of a complex matrix. A control
experiment was also performed with the non-imprinted polymer on the IDC. The
effects on the sensor of a spiked sample with standard thalidomide are also compared.
Figure 5.9 shows the typical sensor response at a fixed concentration of the (R), and
(S)-thalidomide enantiomer in the concentration range of 0.025-100 pg ml™ with the

incubated mixture of cholesterol, bovine serum albumin (BSA), and ceramide at 1 mg
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mL™ in the flow through flow cell by using the peristaltic pump. As can be seen from
Figure 5.9, the MIP1 and MIP2 of (R)-thalidomide and (S)-thalidomide sensor gives a
signal response that depended on the concentration of the thalidomide, in the range of
0.025-100 pg mL™. In contrast the reference sensor showed only a slight response
towards the thalidomide enantiomer solution in the phosphate buffer solutions (pH
7.4). RMIP1 and SMIP2 provided a stable resistance signal; moreover, the data
showed that the resistance signal curve of the NIP3-R and NIP3-S provided a high
resistance signal because of the effect of the non-specific binding of the biological
compounds onto the thin film. The sensor effect was not influenced by the complex
matrix of the measurement. A non-specific effect was obtained. In this study, the
development of a MIP biochip for the detection of thalidomide in the presence of
complex matrix was examined. The SMIP-IDC sensor showed a rapid shift in the
resistance that was dependent on the concentrations of the thalidomide. The ability of
the artificial recognition material to recognize the presence of defined organized
structures on the enantiomers molecular surface allowed for an interaction and MIP

binding sites that recognized on the film of polymer.
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Figure 5.8: The effect of concentrations of (R), and (S)-thalidomide enantiomers on

the resistance signals for the respective imprinted nanoparticles on a thin-film coating

IDC. (Mean = SD, n=3).
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Figure 5.9: The effect of the additional lipid-protein component, on the resistance

signals for the respective imprinted nanoparticle by a thin film layer on the IDC

electrode. (Mean £ SD, n=3).
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5.4.2.1 Molar mass transfer of thalidomide onto IDC electrodes

To understand the ability of the enantiomer drugs to penetrate from their
specific cavities and provide the electrical resistance signals on an IDC, the mass
transfer calculation was carried out; we expected that the analyte can diffuse through
the MIP-IDC sensor layer. According to equation (2) we used that equation to
calculate the mass transfer. Table 5.2 illustrates the data of the mass transfer on the
IDC that was achieved from the properties of a chiral drug attached onto a synthetic
surface of nanoparticles. The rates of the diffusion of the enantiomer drug of the
RMIP1 in the absence of a protein matrix was lower than for the other formulations
and provided the highest shift of the resistance signal. In the case of RMIP3 in the
presence of a protein-lipid component the mass transfer increased 2 times. Moreover,
the diffusion of the RMIP4 is a consequence from adhesive force of enantiomer drugs
penetrate on the surface against the outer layer that had only a low space to rebind
with the analyte. It can be seen clearly that in the presence of the core-shell of the
poly(styrene) within the composition of the synthetic polymer (MIP1, MIP2) there
was a shift of the mass transfer to lower values yet a considerable increase in its
selectivity. It was evident that the transfer of low movement occurred and provided a
more specific binding of the enantiomer drug, whereas at a higher concentration of
thalidomide (20 ug mL™) a lower specific binding of the two enantiomers occurred
together with the effect on the equilibrium. For the two different types of SMIPs, both
with and without a protein matrix it was found that the resistance signal in the
presence of the protein-lipid component decreased yet provided for the transfer of a

higher diffusion coefficient, especially for SMIP3. Consequently, the selectivity
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values of SMIP were to some extent influenced by the presence of the protein-lipids.
These results showed that the optimal rate of transfer of the enantiomers onto a planar
substrate might be due to a good binding of the desirable compounds to the

miniaturized sensor.

Table 5.2: The data for the selectivity from mass transfer of thalidomide enantiomers

between MIPs and NIPs by resistance measurement on IDC.

Molar mass (m?/s) x10°
. Without the protein-lipid mixture
Formulations
Selectivity Selectivity
NIP-R RMIP NIP-S SMIP

(NIP/MIP) (NIP/MIP)
F1 829+116 1.23+0.024 | 731.95+86.20 | 49100+2740 | 2.72+0.040 18048.36+748.16
F2 20.8+0.476 | 3.08+0.019 6.74+0.20 3.58+0.049 | 2.24+0.053 1.60+0.03
F3 807+0.126 | 2.62+0.199 | 308.42+22.42 1660+298 1.31+0.018 1296.55+211.40
F4 5.35£0.067 | 2.52+0.101 2.12+0.06 2360+748 3.00£0.042 845.02+£256.97

Pvalues were < 0.001 for all formulations.
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Table 5.3: The data for the selectivity from the mass transfer of thalidomide
enantiomers between MIPs and NIPs exposed for resistance measurement on IDC

with the protein-lipid mixture.

Molar mass (m%s) x10°
. With the protein-lipid mixture
Formulations
Selectivity Selectivity
NIP-R RMIP NIP-S SMIP

(NIP/MIP) (NIP/MIP)
F1 3.14+0.006 1.55+0.048 2.03+0.06 3.4+0.014 3.21+0.138 1.06+0.05
F2 2.80+0.128 1.33+0.010 2.11+0.08 138+0.739 3.10+0.148 44.45+2.34
F3 1.87+0.034 4.98+0.016 0.37£0.01 2.7040.172 479+40.30 0.01+0.00
F4 7970+10.00 18400+5.33 0.43+0.00 65.4+25.6 5.95+0.115 12.24+4.28

Pvalues were < 0.001 for all formulations.
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5.5 CONCLUSIONS

In summary, the MIP as chemical probes on the IDC sensor could distinguish
thalidomide enantiomer from the biomolecular domains including ceramide, bovine
serum albumin, and cholesterol. Thus, it is extremely beneficial for the application of
this analytical system to quantify analytes in real-life samples. Moreover, the IDC is
one effective approach to miniaturize the MIP serves as sensing element that will
allow for the detection of analyte in small sample volumes without reducing the
sensitivity and selectivity. The IDC based on MIP for stereochemical detection using
MIP biomimesis configuration system when integrated with the microfluidics systems
of flow-cell, that sample delivery can achieve further improvements to the overall
stability and reproducibility of the IDC. The interdigiated gold electrodes can be
prepared in the introduction of MIP nanoparticles into the films of polymer and
integrated into the microdetection device for electronic and sensing analysis.

MIP based IDC sensor was determined with resistance signal, which various
chemical functionalities and the format of MIP nanoparticles. The reference sensor
showed only a slight response towards the thalidomide enantiomer solution in the
phosphate buffer solutions (pH 7.4). RMIP1 provided a rapid change in the resistance
signal that was dependent on the concentrations of the thalidomide at low
concentrations. The resistances respond effect was not influenced by the complex
matrix inside the solution of the measurement. The design and development of a MIP
biochip could recognize the structures on both the enantiomers at the surface that had

the interaction onto the coated thin-film in IDC. In addition, excellent binding of the
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specific enantiomer to the imprinted sites of the coated thin-film affect to mass

transfer into the polymer layer in the presence of complex matrix.
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CHAPTER 6

ATOMIC FORCE MICROSCOPY STUDIES FOR INVESTIGATION OF

INTERACTION ON THE MIP LAYER AND COATING IDC ELECTRODE

6.1 Background

Atomic force microscopy (AFM) is a three-dimensional topographic technique
with a high atomic resolution to measure surface roughness. It was invented in 1986
as the first new extension of scanning probe microscopy (Binnig et al., 1986). AFM is
a kind of scanning probe microscope (SPM), and the interaction occurs between an
AFM tip (Figure 6.1) and the atoms of the sample surface (Figure 6.2). The tip is
attached to a very flexible cantilever. Laser light is reflected from the cantilever and
detected by a photodiode. The tip is brought to contact or near-contact with the
surface of interest. Scanning over the surface, AFM system records the deflection of
the cantilever, due to very small forces between the atoms of the probe and the
surface, with sub-nanometer precision. The deflection signal is recorded digitally, and

can be visualized on a computer in real-time.
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Figure 6.1: AFM tip (Si, N-type).
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Figure 6.2: A typical Atomic Force Microscopy detection scheme.
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Figure 6.3: A typical force-distance curve recorded by AFM in force contact mode.
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6.2 Objectives

The purposes of this study are to evaluate the application of MIP layer chip
that has the chiral inversion of thalidomide enantiomers in the presence of bovine

serum albumin that interacted with cholesterol and ceramide by using the AFM.

- To evaluate the characteristics of the MIP films by using AFM, to gain an
insight into how the enantiomers of thalidomide interact with the MIP thin film and
for the assessing of the structure of thalidomide in the presence of biomolecule such
as rubber latex.

- To determine the stereoselective properties of thalidomide enantiomer by
using chiral-HPLC method and IDC sensor chip measurement

- To validate the separation of thalidomide enantiomer in the presence of
blood sample by using chiral-HPLC.

- To examine RMIP1 and SMIP1 can be used for sensing element for
analytical sensor.

The protocol for sensor in analytical application after sensor measurement and
the surface properties of MIP-film coating on IDC was examined by AFM, Raman
spectroscopy. We employ MIP1 as a sensing element on an IDC sensor where is the
same as the IDC sensor system for accessing the chiral molecule and biological
binding site in the previous chapter. Method validation of MIP based IDC sensor has
been carried out on the IDC measurement correlation with linearity, limit of detection

(LOD), limit of quantification (LOQ), stability of sensor, and precision.
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6.3 A study of the characteristic of MIPs films after detection the

resistance signals

6.3.1 AFM images

To verify the characteristic morphology of the nanoparticles imprinted on the
support thin films was examined. Figure 6.4 shows the 3D images of the (R)-
thalidomide imprinted films (a-d) and the (S)-thalidomide imprinted films (e-h) on the
IDC electrode after detection of the resistance signal by varying thalidomide
concentrations in the range 0.025-100 ug mL™. The AFM images that determined the
effects on the thalidomide adsorption patterns. For evaluation of the surface
morphology after interaction between analyte and MIP were obtained in AFM images,
from the all non-imprinted nanoparticle thin film supports (Figure 6.5). AFM images
showed topography of all the MIPs on the IDC electrode, with less than 1.448 nm
(NIP2-R) of averages root-mean-square (r.m.s.) roughness for a 500 x 500 nm?
surface area. When the thalidomide was adsorbed onto the films they produced non-
specific sites and shapes. The analyte flowed through the surface if it did not fit with
the specific area, so the resistance was low. In conclusion, the characteristics of the
imprinted nanoparticles showed much rougher areas and imprinted pattern of template
with 13.41 nm (r.m.s.) roughness of S-MIP1. The thalidomide adsorbs onto the
imprinted sites, leading to the formation of different morphological films depending
on the shape of the imprinted structure. The circle line highlights the imprinted sites
that were available to interact with the thalidomide enantiomer. The specific analyte

can be fitted with the imprinted site and produce a high value for the resistance signal.
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Figure 6.4: AFM images of various (R)-thalidomide imprinted films and (S)-
thalidomide imprinted films exposed to the template. The image size of the analytes

was 250 x 250 nm. The black circle represents the imprinted features of MIP

nanoparticle as the stamp.



158

a) NIP1-R b) NIP2-R

NIP-R

[nm] [nm]

[nm] [nm]

NIP-S

e) NIP1-S

[nm] [nm]

[nm] [nm]

Figure 6.5: AFM images of the corresponding non-imprinted control polymers
exposed to (R)-thalidomide and the (S)-thalidomide on the IDC for resistance
measurement. The image size of (R)-thalidomide as the analyte was 500 x 500 nm

and for (S)-thalidomide as the analyte was 1000 x 1000 nm.
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6.3.2 Force measurement

In this experiment, AFM was used to probe the mechanical properties of
thalidomide enantiomer that interacted with the specific binding site. The imprinted
and non-imprinted thin films of the RMIP and SMIP were exposed to force
measurement. Different molar ratio of MAA and NVP were used in the
polymerization processes of the MIPs and NIPs samples. Figure 6.6 displays the force
curve values of the coated thin films observed in the force curves supported on the
RMIP (a) and SMIP (b) layers. Figure 6.6 (a&b) shows the force values of MIPs for
both templates that were prepared by using different functional monomers. The force
measurements were carried out on the surface of the thin films after the tip was close
to the surface. The force curves describe the changes in the mechanical property of
the films that the tip can move on to the depth site of the imprinted sites as can be
seen in RMIP1 and SMIP1 that provided different force values when compared with
the non-imprinted films. The largest force for (R)-thalidomide on R-MIP4 (70.53 Nn)
was achieved while the R-MIP1 gave less force values of 43.88 nN after the
resistance measurement on IDC with the matrix. For (S)-thalidomide as the template,
force value of S-MIP1 (69.80) was highest and was smallest for S-MIP3 (64.55),
among the other MIPs. For NIP the force values obtained show the different trend
when compared with MIPs. The force values were different because the surface of the
imprinted and non-imprinted polymer had different morphologies and arrangement of

the molecules.
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Figure 6.6: Force curves of the thin films observed for various (a) RMIP

nanoparticles and (b) SMIP nanoparticles.
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Figure 6.7: Force curves of the thin films observed for various (a) NIP-R

nanoparticles and (b) NIP-S nanoparticles.
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6.4 A study of the interaction of the IDC-MIP films with biological compounds

(cholesterol, bovine serum albumin (BSA), and ceramide)

6.4.1 Topography images

In this experiment an attempt of examining AFM images of MIP layer chip
was made to understand the mechanism of interaction of thalidomide with biological
compounds that were involved with the non-covalent interactions. In this work, we
used Atomic force microscopy (AFM) because it enabled a direct observation of the
topographic surfaces and 3D images on a nanometer scale and could detect any spatial
interactions of the protein matrix. The 3D images of the surface were taken with the
Dynamic Force microscope: DFM. The mechanism of interaction of thalidomide with
biological compounds that had a specific cavity on the imprinted films was explored.
Futher, BSA, ceramide, cholesterol (at concentrations 1 mg mL™") and blood mixture
were mixed to drop onto the surface of the (R)-thalidomide imprinted films-supported
on the IDC electrode that the template was exposed to sensor. Figure 6.9, AFM image
of RMIP1 shows the cavity size of 150 nm. The thalidomide and biological
compounds adsorbed freely onto the imprinted films, which led to the formation of
different morphological films resulting in the force raised. The AFM images of
RMIP3 show large molecules (200 nm) assembled on the surface after dry in air, as
nucleation of the growth aggregates did not occur as confirmed by the resistance
measurement, showing the resistance signal because of the strong interaction between
the thalidomide and the imprinted site by self-assembly process. With the RMIP2, the

molecules of the matrix did not completely cover the electrode. This procedure led to
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the binding of both the thalidomide enantiomers into the matrix molecules. The AFM
images showed the formation of a thin film, with a number of molecular interaction
embedded into its structure, and some regions that remained uncovered with
molecules but showed the imprinted cavities. Both the particle sizes and the large or
small particles attached were directly dependent on the interaction of the imprinted
films and protein-lipid compounds. Biological compounds showed molecules as self-
assembly or the interference of the lipid component on IDC. The self-organization
caused the different binding site characteristic for RMIP3 films from those for the
RMIP2, and RMIP4. In addition, a large number of the attached spheres, or particles
were observed, that were related to the remaining thalidomide molecules that formed
after washing. Increasing the molecules adsorbed onto the film was observed, and
they provided a lower resistance signal when compared with RMIP1, due to the
availability of specific imprinted cavities of thalidomide. It was able to detect the
analyte of thalidomide enantiomer molecule and provide higher values for the

resistance signals.
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Figure: 6.9: Tapping mode 3D topographical AFM images of the (R)-thalidomide
imprinted films of the IDC electrode: (a) RMIP1; (b) RMIP2; (c) RMIP3 and (d)
RMIP4 in the presence of (R)-thalidomide into the nanoparticles with lipid protein
and human blood mixture exposed on the surface of the coated films onto the IDC

gold electrode.
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Figure: 6.10: Tapping mode 3D topographical AFM images of the (S)-thalidomide
imprinted films of the IDC electrode: (a) SMIP1; (b) SMIP2; (c) SMIP3 and (d)
SMIP4, in the presence of (S)-thalidomide into the nanoparticles with lipid protein
and human blood mixture exposed on the surface of the coated films onto the IDC

gold electrode.
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6.4.2 Force measurement

For the AFM images in Figure 6.9 & 6.10, the imprinted cavities observed on
the surface of polymer films were examined for the force. Figure 6.11 & 6.12 shows a
contact-mode AFM, in which the corresponding force lines were based on the
retractable curve for the RMIP. Typical force curve for the RMIP1 on the surface is
shown with a force value of 91.96 nN on the surface before being pushed upward by
the surface. The RMIP3 showed the force values of 112.99 nN because the tip was
strong retracted due to the interaction of the (R)-thalidomide enantiomer molecules
that were absorbed onto the surface of the thins films, and the tip then relaxes and
subsequently is pulled down from the surface. Thus, the force curves showed different
behavior of the interfacial layer on the protein-lipid domain that corresponded to the

different surfaces with respect of the functionality monomeric precursor.
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Figure: 6.12: Force analysis of the (S)-thalidomide imprinted nanoparticles films

expose to the biological compounds.
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Figure: 6.13: (Shade bar graph) The force values in the nN scales. RMIP1 (F1) =
91.96 nN, RMIP2 (F2) = 106.55 nN, RMIP3 (F3) = 112.99 nN, and RMIP4 (F4) =
100.99. (Filled bar graph) The force values SMIP1 (F1) = 195. 16 nN, SMIP2 (F2) =

557.07 nN, SMIP3 (F3) = 897.86 nN, and SMIP4 (F4) = 750.67 nN).
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6.5 Investigation of molecular recognition of thalidomide enantiomers in the

presence of biological sample and IDC sensor detection

Many methods have been developed to quantify thalidomide, the reported
methods included with MS (mass spectrometry) (Bai et al., 2013) capillary
electrophoresis (Weinz and Blaschke 1995) and HPLC (Meyring et al., 2000),
(Reepmeyer et al., 1996), (Murphy et al., 2007) detection. However, increasing the
performance recognition of the potential importance of stereoselectivity in
thalidomide pharmacology has more important and led to many investigators to
separate its enantiomers. In this study, molecularly imprinted polymer was applied to
recognize the thalidomide enantiomer before separation and quantitation by using
chiral HPLC method. The miniature IDC sensors of thalidomide imprinted

nanoparticles were fabricated for estimation of the enantiomers.

6.6 Methodology

6.6.1 Chemicals and reagents

(S)-(-)-thalidomide (99%), (R)-(+)-thalidomide (99%) were from Aldrich

Chemical Company (Milwaukee, WI, USA). Ceramide from bovine brain (98% TLC)

Bovine serum albumin (BSA) and cholesterol were from Sigma Aldrich Company

(Milwaukee, WI, USA).
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6.6.2 Apparatus and analysis by using high performance liquid

chromatography technique (HPLC)

The amount of the thalidomide enantiomers concentrations were analyzed by
HPLC method using with chiral CBH column. The chromatographic system
comprised a Thermo HPLC system, equipped with a variable wavelength UV
detector. A 150 x 4 mm Chiral-CBH column (Chromtech, UK) was used. The
detection wavelength was 225 nm and separation was performed at ambient
temperature. The flow rate was set at 0.9 mL/min for every analysis. The mobile
phase was 10 mM phosphate buffer (pH 5.5) containing 50 mM disodium EDTA and

2 % (v/v) acetonitrile.

6.6.3 Apparatus and analysis by using IDC-sensor electrode

Nanoparticles of either the (R)-or (S)-thalidomide imprinted polymer (RMIPs
or SMIPs) and pre-polymerised layer onto interdigitated gold electrode that attached
with the silicone consisted of a liquid port for delivery of a water sample from a
sample-reservoir, a peristaltic pump, and a continuous flow rate of 0.1 mL min™',
which is driven by a peristaltic pump (MCP-Process Series, Ismatec SA, Wertheim-
Mondfeld, Germany). The sensor output signals were monitored using ohmmeter (TH
2515 DC, Tonghui, and Taipei, Taiwan) from the sensor display on the PC laptop
screen. The detection of the samples was carried out at room temperature (28 = 1 °C).
The signal of the MIP-based sensor was measured as a function of the changes to the

resistance of the polymer after exposure to (R)-thalidomide or (S)-thalidomide with
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concentrations that ranged from 0.025-100 pg mL™* were mixed with protein matrix of
cholesterol, bovine serum albumin (BSA), and ceramide at concentration 1 pug mL™.
A control experiment was carried out with the corresponding NIP. The signal
response towards the concentration of the analyte was reported as a resistance (R),
where R was the average resistance response after the addition of known amounts of
the thalidomide enantiomer. Every experiment was carried out in triplicate for

obtaining mean values and standard deviation (SD).

6.7 Method validation by using HPLC technique

6.7.1 Linearity and range

The standard calibration curves were constructed separately for the (R)-, (S)-
thalidomide using single enantiomers. The stock solution of thalidomide was prepared
by dissolving the drug in the acetonitrile:water 1:1 ratio to make the concentration of
1 mg mL™. The standard solutions of thalidomide were ranged in 0.5-8 ug mL™. The
calibration curve was plotted from the relationship between peak area and

concentration of the standards thalidomide.

6.7.2 Limit of detection (LOD) and limit of quantification (LOQ)

Limit of detection was determined from the least concentration giving an S/N

level >3, being a peak different from baseline noise. The lower limit of quantitation
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(LOQ) was determined from the lowest concentration calculated with precision and

accuracy values.

LOD=30 e (6.1)
S

LOQ=10g oo (6.2)
S

Where; o is the standard deviation of the response.

S is the slope of the calibration curve.

6.8 Method validation by using IDC sensor

6.8.1 Linearity and range

The standard solutions of thalidomide were ranged in 0.025-100 ug mL™. The

solutions of each concentration of thalidomide were flow through the flow-cell and a

calibration curve was plotted from the relationship between resistance signal and

concentration of the standards thalidomide.

6.8.2 Limit of detection (LOD) and limit of quantification (LOQ)

Calibration curves were constructed from the resistance signal of the standard

solutions (25 ng mL™), from which the limit of quantification (LOQ) and limit of

detection (LOD) were calculated using equation (1) and (2).
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LOD =yg +3Sg  -=-=-=--m-mmmmmmmeee- (6.3)
LOQ =yg+10Sg  -------m-mmmmmmmmmmmoee- (6.4)
Where Sg is the standard error of the y estimate

ys the intercept from the regression equation

6.8.3 Precision

The precision was evaluated through repeatability and expressed by relative
standard deviation (RSD). Three different concentrations (2, 4, and 6 ug ml™) of each
drug were prepared in the acetonitrile: water 1:1. Each concentration was prepared in

sets of three and each one was flow through the flow cell in triplicate.
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6.9 Result and discussions

6.9.1 Calibration curve of (R)-, (S) and (rac)-thalidomide by using HPLC

technique
100
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Figure 6.14: The linearity of standard (R)-thalidomide at the concentration range 0.5-

8 ug mL™* was examined on HPLC CBH chiral column.
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Figure 6.15: The linearity of standard (S)-thalidomide at the concentration range 0.5-

8 ug mL™* was examined on HPLC CBH chiral column.
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Figure 6.16: The linearity of standard rac-thalidomide at the concentration range 0.5-

8 ug mL™* was examined on HPLC using CBH chiral column.
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Table 6.1: The linearity and sensitivity of the thalidomide enantiomers were analyzed

by HPLC method.

F F LOD* LOQ**
-I(;rr:glr:?i%?nledre Linearity Q %RSD
(ng mL™) (ng mL™)
R-thalidomide 0.998 5.31 17.71 5.30
S-thalidomide 0.998 1.54 5.15 1.80

* LOD is the lower limit of detection

**1 OQ is the lower limit of quantification

6.9.2 Method validation by using IDC sensor technique

6.9.2.1 Calibration curve of (R)-, (S)-thalidomide

Method validation is validated to verify that an analytical methodology when
employing the MIP-base IDC sensor for thalidomide enantiomers analyses and further
application is accurate, specific range that an analyte will be analyzed. Standard
solution of (R) and (S)-thalidomide concentrations in the range of 0.025 to 100 ug
mL™ were analyzed through the flow cell with and without the biological matrix. The
analyte resistances were calculated from analyte flow through the flow cell and
provide the resistance signal. In this method, using the thalidomide imprinted
nanoparticles onto stamp thin films onto IDC sensor is employed for determination of
the analytes in the presence and absence of biological compound with enantiomer

drugs. MIP-IDC sensor-based assay was performed for measuring the analyte, and
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studied its analytical performance. MIP-IDC miniature sensor array allows for a rapid
and simple continuous thalidomide enantiomer assessment. Figure 6.14 shows the
linearity of standard (R)-thalidomide at the concentration range 1-10 pug mL™ were
examined on imprinted nanoparticles supported thin films of RMIP1 formulation. The
linearity was obtained with correlation (R?) of 0.987 for the concentrations range of 1-
10 ug mL™. In case of the linearity of standard (S)-thalidomide were examined that
shown in Figure 6.15. The signals were corresponding to the concentration of
thalidomide at range 0.05-8 pg mL™ and provided correlation coefficient 0.985. The
assay data covered a linear range of 0.025 to 100 pg mL™ according to Table 6.2. The
analytical detection limit, calculated using a signal-to-noise ratio of 3, were 0.6 ng ml’

Lin the absence of matrix.
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Figure 6.17: The linearity of standard (R)-thalidomide at the concentration range 1-10
pg mL™ was examined on imprinted nanoparticles supported onto the thin films of

RMIP1.
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Figure 6.18: The linearity of standard (S)-thalidomide at the concentration range

0.05-8 pug mL™* were examined on imprinted nanoparticles supported thin films of

SMIP1 formulation.

Table 6.2: The linearity and sensitivity of the thalidomide enantiomers were analyzed

by IDC sensor method.

g g LOD* LOQ**
substance E?]zlr:?i?)m:edre Linearity Q %RSD
(ng mL™Y) (ng mL™)
without R-thalidomide 0.987 0.761 1.146 9.04
matrix S-thalidomide 0.985 0.619 1.003 0.86
] ) R-thalidomide 0.990 6.399 21.273 0.80
with matrix - -
S-thalidomide 0.996 0.538 0.634 0.63

* LOD is the lower limit of detection

**1 OQ is the lower limit of quantification
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6.9.2.2 Calibration curve of (R)-, (S)-thalidomide with protein matrix

The sensitivity of thalidomide imprinted polymer was applied to detect the
analyte inside the biological compound. The principal intention of the MIP-IDC
sensor is to minimize the matrix effects. Evaluation of the matrix effect on IDC
measurement was carried out to verify the performance of the IDC-based assay of
both (R)-thalidomide and (S)-thalidomide. For this purpose we used biological of
ceramide, BSA, and cholesterol sample with a standard solution of thalidomide at
concentration levels of 0.025-100 ug mL™. Figure 6.19 shows the linearity of standard
(R)-thalidomide mixed with protein matrix (BSA:ceramide:cholesterol 1:1:1) at the
concentration 1 mg mL™ were examined on imprinted nanoparticles supported thin
films of RMIP1 formulation. RMIP1 exposed to protein matrix provided correlation
coefficient (R? 0.990. Figure 6.20 show the linearity of standard (S)-thalidomide
mixed with protein matrix (BSA:ceramide:cholesterol 1:1:1 at the concentration 1 mg
mL™) were examined on imprinted nanoparticles supported thin films of SMIP1
formulation. SMIP1 exposed to protein matrix provided the correlation coefficient
(R?) 0.996. The method showed high sensitivity and low detection limit at 6.4 ng mL™
with the biological complex. Consequently, the measurements of thalidomide in the

presence of interferences were performed by the developed MIP-IDC assay method.
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Figure 6.19: The linearity of standard (R)-thalidomide mixed with protein matrix
(BSA:ceramide:cholesterol 1:1:1 at the concentration 1 mg mL™) at the concentration
range 0.05-8 pug mL™ were examined on imprinted nanoparticles supported thin films

of RMIP1 formulation.
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Figure 6.20: The linearity of standard (S)-thalidomide mixed with protein matrix

(BSA:ceramide:cholesterol 1:1:1 at the concentration 1 mg mL™) at the concentration

range 0.05-8 pg mL™ were examined on imprinted nanoparticles supported thin films

of SMIP1 formulation.
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6.10 CONCLUSIONS

To determine real analysis and dynamic concentration range, we have
developed very simple, rapid lab on chip capable of detection the thalidomide
enantiomers in the presence of biological compounds by employing resistance
measurement of molecularly imprinted nanoparticle thin-films onto the IDC electrode.
The interdigitated capacitive electrode (IDC) allows the detection via the interactions
of the imprinted polymer and the enantiomer of thalidomide through the microfluidic
network caused the rapid resistance changes at the low concentration. The MIPs
nanoparticles coated thin-films were used to examine the binding interaction of both
templates to the imprinted sited in the presence and absence of biological compounds
with blood sample. The characteristic properties of the coated thin-films displayed
the thalidomide adsorbs onto the surface, leading to the formation of different
morphological films, as determined by AFM images and provide a high value for the
resistance signal. In addition, the pattern of nanosized scale were observed, that were
related to the thalidomide molecules and biological compounds remained onto the
film. However, it was able to measure the thalidomide enantiomer molecule inside the
interference compounds consisted of lipid and proteins and provide the resistance
signals shift. Thus, the force curves showed changes of the interfacial layer on the
protein-lipid domain that resembled to the different properties of the coated thin-film.

The fabricated sensor was successfully applied to evaluate the thalidomide
enantiomers. The assay data covered a linear range of 0.025 to 100 pg mL™. The
analytical detection limit was 0.6 ng ml™ in the absence of matrix. The method

showed high sensitivity and low detection limit at 6.4 ng mL™ with the biological
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complex. The results showed that MIP had the high sensitivity and selectivity on IDC

for sensor measurement.
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CHAPTER 7

SURFACE ENHANCED RAMAN SPECTROSCOPY STUDIES FOR

EVALUATION OF INTERACTION ON MIP-FILMS IDC ELECTRODE

7.1 Background

Raman spectroscopy is very useful in drug analysis due to advantages such as
its ease of use, and minimal sample handling (Ellis et al., 1989). Raman spectroscopy
can also be used to identify the structure drug isomer and its interaction with the other
materials, which is highly useful for advanced material and study in biological
function. In the present work, we examined the effect of biological compounds using
Raman spectroscopy for the detection of effluent matrixes onto the imprinted
nanoparticles supported by the thin films. In this experiment, surface enhanced
Raman scattering was used to magnify the Raman intensity at the silver electrode
surface (Fleischmann et al., 1974). Experimental Raman spectroscopy is a simple and
rapid analytical technique for determining the vibrations of the thalidomide

enantiomer (Cipriani et al., 2008).
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7.2 Objectives

The intentions of this study are to evaluate the rotational, vibrational, and
discriminate the chiral inversion of thalidomide enantiomers in the presence of bovine

serum albumin that interacted with cholesterol and ceramide by using the SERS.

7.3 SERS on MIPs Films

The Raman spectra of the (R)-imprinted thin films and the (S)-imprinted thin
films before and after the expose to the protein-lipid component with and without
human blood mature illustrated in Figure 7.1 and Figure 7.2. As shown in Figure 7.1
it was evident that there was a Raman shift between the standard solution of the
thalidomide wavenumbers and those imprinted thin films of each formulation.
Vibrations of the substituted benzene ring appeared in the 1051.97 cm* region of the
(R)-thalidomide standard solution. The vibration of the substituted benzene ring of the
sample at the frequencies were 846.30, 837.19, and 817.09 cm “on the surface of the
RMIP1, RMIP3, and RMIP4 spectra, respectively, that can be attributed to the
structure of (R)-thalidomide but the RMIP2 formulations showed no stretching modes
of benzene. There is also an additional peak at 1450.93 cm™* in the (R)-thalidomide
that represented CH bending. The spectrum of the RMIP1, RMIP2, RMIP3, and
RMIP4 appeared at 1567.85, 1598.99, 1566.20, and 1529.95 cm™ respectively. There
is one band of the RMIP2 spectrum in the 1300-1400 cm* range at 1310 cm ‘that
was assigned to the carbonyl and C-N-C stretching related to the ring. In the case of

the SMIP formulations a comparison with the (S)-thalidomide is shown in Figure 7.2,
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The vibration of the substituted benzene ring appeared in the 1003.08 cm ™ region of
the (S)-thalidomide standard solution. The broad spectrum at 839.01, 842.66, 840.84
and 844.48 cm™* of SMIP1, SMIP2, SMIP3 and SMIP4 spectra, respectively belong
to the ring deformation and cyclic C-C-C stretching. The broad peak of the spectrum
was due to the conformational changes of the thalidomide that were absorbed by the
imprinted nanoparticle onto the supporting thin films. The 1508.44 cm™ peak as
usually indicative of CH, deformation or C-H stretching that appeared in the spectrum
of the (S)-thalidomide. There was low frequency at 1500-1600 cm ™ in all the SMIP
formulations spectrum that was due to too weak interactions. It did not appear as a
sharp peak. Raman spectroscopy has been used to characterize the vibrational modes
of thalidomide, which provided the information of the interaction of the thalidomide
with recognition site of the supporting thin films on IDC. The resulting different
spectra provided information on the thalidomide configuration achieved by the

imprinted thin films.
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Figure: 7.1: Raman spectra of various (R)-thalidomide MIP nanoparticles embedded

thin-film and Raman spectra of (R)-thalidomide for comparison.
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Figure: 7.2: Raman spectra of various (S)-thalidomide MIP nanoparticles embedded

thin-film and Raman spectra of (S)-thalidomide for comparison.
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7.4 The interaction of MIPs films exposed to the biological matrix

7.4.1 Raman spectra of biological matrix

SERS experiment identified and characterized for the Raman vibrations of a
thalidomide imprinted polymer layer onto a thin film that included the biological
matrixes consisting of BSA, cholesterol, ceramide, and human blood mixture. In the
standard solution of (R)-thalidomide, (S)-thalidomide including with and without
blood and the addition of BSA, ceramide and cholesterol were dropped onto the
imprinted nanoparticle-films at the IDC electrode. The Raman intensity is illustrated
in Figure 7.3, from the comparison; it was evident that there was very close
wavenumbers between the thalidomide enantiomer and cholesterol. The aromatic ring
and cyclic molecules of thalidomide that showed the stretching modes at the 1182.58,
1058 cm™' region of the thalidomide structure and the blood this attributed to the
aromatic stretch of a substituted benzene ring. In the Raman spectrum of thalidomide
with blood mixture, there was a broad band in the 1300-1350 cm™ region. There was
the Raman peak at 1308.09 cm™ for the (R)-thalidomide and 1330.44 cm™ for the (S)-
thalidomide with the blood component. The peak at 1308.09 and 1330.44 cm™ may be
assigned to carbonyl and C-N-H stretching. The peaks at 1594.08 and 1592.45 cm™
were assigned to CH, deformation or amide stretching on the thalidomide molecule in
the presence of the human blood. In this experiment, we compared each of the protein
matrix structure in Figure 7.3. There are peak at 1300-1400 cm* that attributed to the
BSA and ceramide and those appeared at 1303.17 cm™ and 1367.76 cm™ which was

assigned to carbonyl and C-N-C stretching. The 1453.51 cm ‘and 1441.80 cm* peaks
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were indicative of CH, deformation and amide stretching that can be observed in the
ceramide and cholesterol spectrum. There were 1600-1700 cm* regions at 1594.44,
1644.63, and 1668.96 cm™*, that were assigned to carbonyl group. We can apply to
use Raman spectroscopy to confirm the interaction between thalidomide enantiomer
and MIPs exposed to a blood and protein-lipid mixture, that led to the perturbation in
the blood caused potential corrosion of molecule, resulting in the resistance

polarization corresponding to the change of force values on the surface.
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Figure: 7.3: (a) Raman spectra of (R)-thalidomide and (S)-thalidomide incubated
with human blood mixture (left) and (b) Raman spectra of the individual biological

compound: bovine serum albumin (BSA); ceramide (CER); and cholesterol.
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7.4.2 The molecular sizes of the (R)- and (S)-thalidomide on the imprinted

polymer at blood interface detected by SERS

To study the structure of the enantiomers in the presence of the protein matrix
that can be induced by the imprinted cavity on the supported thin films, Raman AFM
was used for this purpose. For typical Raman spectrum of investigation, the coated
thin films were scanned at three areas and this provided the Raman spectrum for each
MIP and the corresponding NIPs (see Figure 7.4 (a). In Figure 7.4 (b), the pointed
area was used to examine the imprinted size of the thalidomide molecules
accommodated into the bovine serum albumin with the cholesterol and ceraminde

upon the attachment of the blood on the MIP coated at IDC.

Table 7.1: The molecular sizes of the (R)- and (S)-thalidomide in the presence of the
bovine serum albumin, ceramide and cholesterol on the interspace of the pore
obtained for MIPs exposed to the blood with respect to different functional monomer

precursors.

Molecular size of thalidomide (A) F1 F2 F3 F4

RMIP 1.04+0.21 1.22+0.29 1.62+0.30 1.74+0.30

SMIP 1.88+0.20 0.74+0.17 1.60+0.32 1.80+0.16
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The molecular sizes of thalidomide enantiomer for the RMIPs and SMIPs at
the blood exposure were shown in Table 7.1 on the IDC electrode. The RMIP1
provided the smallest size of the thalidomide molecules on the coated thin films and
the blood on the surface that was 1.04 + 0.21 A. In the case of the SMIP formulation
SMIP2 demonstrated the smallest size of the thalidomide molecules in an order of 1
A. The small sizes of the drugs adsorbed between the nanospaces onto the coated thin
films consisted of imprinted nano-cavities, and hence a greater surface area with an
enhanced better in-depth structure. The analyte can be better adsorbed onto the coated
thin-films that resulted in a high resistance signal of the analytes at the MIP
nanoparticles imprinted film on IDC. Both the thalidomide enantiomers were
appeared into the nanopores of MIP nanoparticles with different sizes as shown in

Table 7.1.
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7.4.3 MIPs films exposed to the biological matrix

Figure 7.4a shows the Raman spectrum of the (R)-imprinted films onto the
IDC electrode with biological compounds. There are low-frequency peaks that may
were ascribed to vibrations of the substituted-benzene portion that appeared at 849.94,
857.22, and 839.01 cm™ in the RMIP1, RMIP2 and RMIP4 on Raman spectra. The
510.68 and 504.96 cm* peaks were assigned to the ring deformation in the RMIP1
and RMIP4. The broad and high intensity spectrum containing one band in the 1500-
1600 cm* regions at 1551.39, 1592.44, 1597.35, and 1594.39 cm™ was identified for
stretching of carbonyl group of the amide on (R)-thalidomide structure. Figure 7.5a
shows the Raman spectrum of the (S)-imprinted films onto the IDC sensor in the
presence of biological compounds, the Raman spectrum of (S)-thalidomide showed a
sharp peak at 1003.08, 1152.99, 1284.36, and 1508.44 cm™ related to the stretching of
aromatic ring, CH bending, ring, C-N-C or C-C stretching and CH, deformation,
respectively. SMIP1 and SMIP4 showed a low intensity of the Raman peak due to
less or the absence the thalidomide molecules onto the pores in the interspace and the
MIP binding sites. The SMIP2 showed a high intensity wave number at 877.20 cm™*
related to the vibrations of the substituted-benzene portion and the low intensity peak
at 1561.27 cm™, similar as the SMIP3 showed a low intensity peak at 839.01 cm™. In
addition SMIP2 had a high intensity peak with a broad peak at 1561.27 cm™, that
occurred on the surface of the supporting thin films, there was the interaction between

MIP and the thalidomide enantiomer via hydrogen bond interaction.
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Figure: 7.4: (a) Raman spectrum of (R)-thalidomide attached on the imprinted films
occurred upon exposure on various MIP layer chips to bovine serum albumin (BSA),

ceramide (CER), cholesterol and with blood mixture.
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Figure: 7.4: (b) AFM images of RMIP showing the particular site of the enantiomer
drug located on the layer coating with the imprinted nanoparticles stamped in the

porous material interface with the lipid-lipid-protein component at the ambient

temperature.
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Figure: 7.5: (a) Raman spectrum of the (S)-thalidomide attached to the imprinted
films coating upon exposed to biological compounds [bovine serum albumin (BSA),

ceramide (CER), cholesterol and with blood mixture] on various MIP layer chips.
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Figure: 7.5: (b) AFM images of SMIPs on the surface of IDC, showing the specific
areas of the particular site of the enantiomer drug located onto the imprinted polymer

in the porous material interface upon the lipid-lipid-protein interaction.
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7.5 CONCLUSIONS

SERS is a technique that can significantly enhance the weak Raman scattering
signal on the silver substrate which provided an enhanced Raman signal. The
developed MIPs nanoparticles coated onto thin-films of IDC electrode could
selectively adsorb and distinguish (R)-thalidomdie and (S)-thalidomdie. Thus, we
possibly will apply to use Raman spectroscopy to confirm the interactions between
thalidomide enantiomer and MIPs exposed to a blood and protein-lipid mixture due to
the high selectivity and binding capability of MIPs together with high sensitivity of

SERS detection.
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CHAPTER 8

CONCLUSIONS

In this research study, the design and development of (R), and (S)-thalidomide
imprinted polymer nanoparticles and their use for application in selective recognition
and sensor of chiral drugs was done. This thesis has several studies that focused on
the investigation of the recognition of MIPs systems and the polymerization condition
and the effects for obtaining the desirable particle size. The selectivity and capacity of
the resulting MIP nanoparticles was used to the selective enrichment for the specific
enantiomer from the solution.

Firstly, the synthesis of chiral binding sites during polymerization process of the
imprinted MIP nanoparticles has been successfully produced. The selectivity of both the
imprints is found two factors; the different mole ratio of two functional monomers
component and the poly (styrene) as a seed core particles during polymer formation. For
the rebinding of the template enantiomer on MIP nanoparticles for single enantiomer, it
performed high selectivity within 24 hour that still provided high accessible distribution
of thalidomide enantiomer of stereogenic entities to the imprinted cavities due to the
interaction with complementary of functional groups containing on configurational
biomimetic layer. The size of the pre-formed MIPs particles, after homoginization
was 1-5 pum that exhibited the stable shape and size in the presence of PVA or PCL-T
stabilizer.

Secondly, the assessment of the recognition ability for the artificial

thalidomide imprinted polymers on MISPE had been successfully done, after the
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separation before using a chiral HPLC method to measure the amount of stereoisomer
species in an aqueous environment or the solvent mixture and the blood samples.
Thirdly, we described the development of thalidomide sensor for detection of
the chiral drug enantiomers at low concentration in the buffer and whole blood sample
based on microcontact imprinting technique. The molecularly imprinted polymer
(MIP) nanoparticles were used as a stamp in a film of non-conducting polymer.
Additionally, SERS was used to identify and characterize for the Raman spectra of a
thalidomide imprinted polymer coating onto the glass substrate and the gold electrode
that confirms the interactions between thalidomide enantiomer and MIPs exposed to
the blood and the protein-lipid mixture together with the determination of thalidomide
enantiomers when released in the biological fluid. Upon the IDC sensor measurement
in the resistance polarization, that corresponded to the change of force values of one
of thalidomide enantiomer on the surface. The surface of IDC sensor and surface-
enhanced Raman scattering (SERS) can provide the detection of low concentrations in
thalidomide enantiomers and the characterization in nanosized pore and surface
topography of the polymer coating that protected the racemization of thalidomide
enantiomers and to provide an excellent resistant signals and high selectivity, showing
the robustness of devices. The MIP used in this study was proposed to monitor drug
delivery of thalidomide enantiomers in blood sample and ease and rapid method for
accelerating of clinical application.
In conclusion, the main aspects to achieve the artificial materials of the
thalidomide enantiomers were used as a stationary phase in solid phase
extraction and supported onto the coated thin films of interdigitated electrode.

The critical key includes: (1) the selection of two functional monomers, (2) the
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size and morphology of MIPs, (3) the poly (styrene) seed as core shell, and (4)
the micropatterning for thalidomide enantiomers detection system.
Consequently, for the future work chiral functional monomer for MIP
synthesis should be used that can be used to screening of ligand binding and
uses of thalidomide enantiomers in the biological matrix. The advantages of
configurational biomimesis-MIP nanoparticles that have the high surface area
provides the best accessibility at the specific binding sites that were related to
the geometry of the MIP nanoparticles stamped into thin-film represent high
sensitivity and robustness should be further developed the portable device or a
lab-on-chip for real-time monitoring for analytical application. The MIP
sensors have potential for study drug delivery application and to detect the

enantiomers for clinical studies.



204

APPENDIX
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A.1. Chromatogram of Standard (R)-thalidomide enantiomer at 8 pg mL™.

a. Standard (R)-thalidomide at 8 pg/mL

]
0.2 0.6 1.0 1.4 1.8 2.2 2.6 3.0 34 38
Minutes
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A.2. Chromatogram of Standard (S)-thalidomide enantiomer at 8 pg mL™.

b. Standard (S)-thalidomide at 8 pg/mL

]
0.2 0.6 1.0 1.4 1.8 2.2 2.6 3.0 34 38
Minutes
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