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Abstract

Dopamine and serotonin receptors are two of the important proteins
involved in the development of antipsychotic agents. In this study, artificial
molecularly imprinted polymers (MIPs) were prepared and applied as
dopamine/serotonin receptor that could be targeted as antipsychotic drug receptors
based on the use of either a single dopamine (D-MIP) or a dual dopamine/serotonin-
molecularly imprinted polymer (DS-MIP). In the MIP cavity, the coupling reaction of
the molecules for a nucleophilic reaction between chlorobutyrophenone and amine
compounds occurred. The binding affinity of the synthesized compounds, Ky, were
determined using a competitive binding assay with a dopamine (D;) receptor (D1R)
that gave a value of 141-558 nM. In addition, the clozapine derivatives archived from
the meta- and otho-monomethoxy substituted acid chloride and hydrazine could be
synthesized only within these MIP nanovessels. This was not observed in the control
polymer. For the molecular docking, the binding affinity of the four
chlorobutyrophenone derivatives and two hydrazinoclozapine for the dopamine (D3)
and serotonin (5HT;g) receptors were closely related to the —log Ky and the Gibb free

energy of the binding protein for these known compounds. Highly crosslinked chains



viii
were produced that induced the chemical reaction inside the binding site of the
imprint cavity, containing the biologically relevant functionalities and affinity
according to the original template. Furthermore, the imprinted cavity of both the MIPs
could be used for measuring the kinetic energy of a fluorescent quencher within the
imprint cavity when clozapine which is a dopamine antagonist fitted into the surface
pores of the MIPs on the surface. At a different temperatures and in the presence of
Zn(1l), clozapine on the surface of MIPs exhibited different fluorescent behavior with
or without the hypothalamus receptor. The binding of clozapine to the binding site of
the artificial receptor played a major role to analyse the diverse mechanisms of action
of the drug and make it possible to have a better understanding of receptor by the
manipulation of specific molecular interactions in the MIP and for the function of the
neural system. In addition, the MIP for recognition of the D;R were produced on a
quartz crystal microbalance (QCM) electrode using the D;R as a template on the
poly(acrylic acid-N-vinylpyrrolidone-dihydroxyethylene-bisacrylamide) layer.
Measurements from the QCM sensor, resulted in the immobilization of a three
dimensional D;R frequency response of DR upon exposure to the D;R-MIP in the
concentration range of 5.9 to 47.2 uM. For the receptor ligand binding assay, the ECsx
for dopamine HCI, haloperidol, and (+)-SCH23390 at 517 uM, 1.90 uM and 0.283
nM, respectively, were formed and this helper to identify the binding affinity for these
compound on the surface immobilized proteins as the result of the surface chemistry
of the chemical functionality of the MIP layer. In summary, MIPs were successfully
prepared for both the active site of the dopamine and serotonin receptors and the
surface immobilized D;R polymer that was highly useful for screening for the

selectivity, specificity and reusability of the binding ligand.
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CHAPTER 1

GENERAL INTRODUCTION & REVIEW LITERATURES

The molecularly imprinted polymers (MIPs) are generated the
selectivity for structurally organized cavities that contain different functionalities on
the structured surface and functionality capable of incorporating complementary
counterparts of the molecular template assembled into the polymerized cross-linker.
The template can be either small molecule (Cela-Pérez et al., 2011) or
macromolecules such as proteins (Bonini et al., 2007; Yola et al., 2014). This is
related to knowledge of the chemistry of the target molecule together with the
functional groups present and the types of molecular interactions are possible.
Imprinting technology has advantages due to process yields a mimic of an original
molecule. The selectivity of MIPs is related to the same size, shape and functional
groups of the print molecule as the original compound complementary functionality
between the template and polymer derived both from the matching shape and from
having the same arrangement of charges at defined positions. The molecular
recognition of the mimics of biological molecules such as the enzyme catalytic site,
antibodies, receptors and functionalized protein (Vasapollo et al., 2011) that mimics
the recognition of biological process. A MIP has been recently reported to serve as a
small probe for evaluation on biomimetic materials to evaluate the properties of other
structures in functional selectivity of target (Tung et al., 2016). Therefore, the cavity
of MIPs plays a crucial key of determination of physicochemical properties of the
compounds and context of use (Workman and Collins, 2010). The procedure of MIPs

can be controlled and reproduced by using the same procedures and reuse for several



times without any change of their respective physical structure and selective
recognition. And the imprinted cavities of MIP can be considered to give for
relatively selectivity to the template or the structure of target compound or even
highly specificity. The characterization and testing of recognition material for
physical structure and fluorescence imaging that present the pros for these synthetic
probes.

The types of monomers chosen for the generation of biomimetic
receptor are related to their ability to interact with the template molecule in a suitable
porogen solvent. Three different imprinting approaches have been commonly used for
the preparation of these recognition materials. The first approach relies on the non-
covalent interaction between the target molecule and the interactive functional
monomer and the assembly, which is given to the formation of multiple weak
electrostatic, hydrophobic, and hydrogen-bonding interactions between the print
molecule and the functional monomer prior to polymerization. This approach is the
most widely used because it is easier preparation due to template and functional
monomer assembly and template removing step (Ramstrom et al., 1994). However,
the solubility of template requires during pre-polymer generation which the excess
amount of a polar solvent has been found to interfere the complexation of template.
The second is covalent imprinting approach, the templates and functional monomers
formed covalent bonds in the polymer matrix (Wulff, 1995) which the breakdown
between the template and functional group of polymer required for the rebinding of
template during the selectivity testing that is usually difficult. The last one is the semi-
covalent procedure, covalent bonds are formed between the template and monomers

in pre-polymerization step then the template has been removed from the MIPs.



However, the rebinding of the analyte to the MIPs was generated with non-covalent
interactions. The selected functional monomer(s) mixed with the polymerized
mixtures were proceeded for the polymerization which a cross-linker and initiator are
admixed for inducing of a cure polymer. The use of different polymerization
techniques like bulk, suspension, precipitation, emulsion polymerization are well-
known for established procedure in the formation of as elective recognition material.
The bulk polymerization is commonly used method for the production of the polymer
matrix, required for grinding and sieving method and template removal that is easy
and rapid and is advantageous of the synthesized material. However the imprinted site
within the polymer matrix was considered to be destroyed during the synthesized
procedure and the leaching out of template is often found. Nevertheless, there is the
possibility of whole template molecule ensemble within the surrounding of the
crosslinked chain, and this method produced high yield of polymer matrix. Stamping
method can be used to form different configuration of the polymer on the surface with
the imprint formed on the surface of the substrate after template removal. The
polymerization process takes place, then the print molecule obtained the template
molecules fixed within the surrounded polymer. After the template was separated
from polymer matrix, with the remaining cavities in the cross-linked matrix. The self-

assembly processes of producing a MIP is shown in Figure 1.
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Figure 1 lllustration of generation of molecularly imprinted polymer formation of
complexation between monomers and template (1), polymerization of functional

monomers with cross-linkers around the template (2), and template removal,

formation of the complementary binding sites (3).

The advantages of these synthetic recognition materials are easy
preparation method and higher physical/chemical stability for a harsh condition such
as pH, temperature and solvent. For this reason, MIPs have been usually used as
selective materials for a wide range of applications such as artificial receptors (Cela-
Pérez et al., 2011; Alenus et al., 2013; Mergola et al., 2013; Karimian et al., 2014;
Kunath et al., 2015), sensors (Sontimuang et al., 2011; Kotova et al., 2013; Latif et
al., 2014; Foguel et al., 2015; Ratautaite et al., 2015; Sharma et al., 2015; Wackerlig
and Lieberzeit, 2015), synthesis method (Alexander et al., 2003; Zhang et al., 2006;
Wang et al., 2007; Kirsch et al., 2009; Sun et al., 2013). Solid phase extractions have
been often conducted with the use of MIPs as affinity phase for extraction of selected
compounds (Xu et al., 2004; Javanbakht et al., 2010; Poma et al., 2013; Diaz-Alvarez

and Turiel, 2015; Li et al., 2015). MIPs have also been used in pharmaceutical



application such as protein crystallization (Saridakis and Chayen, 2013), and drug
development (Sellergren and Allender, 2005; Mohajeri et al., 2012; Rostamizadeh et
al., 2012; Kempe et al., 2015). From these applications by using the MIPs establish
the generating of cavities is highly desirable for application in biological research
giving rise to a unique biological response (Garcia-Serna and Mestres, 2011). In
recent year, MIPs has been applied for coating then the target molecule or template
used as fluorescent probes, that can be visualized by fluorescence microscope without
the use of dye (Ren and Chen, 2015; Tang et al., 2015). The complex of imprinted
polymer and analyte, were analyzed and determine in thermodynamic activity and
mobility of the targeted molecule by fluorescence spectroscopy. The number of
recognition sites was determined by Boltzmann distribution which is a probability
equation relating the entropy as shown in equation 1,
S = kyInW (1)

, Where S is an entropy which related to stabilization energy (AH®), W is a weight, and
ko is Boltzmann constant, 1.380x10 > J/K. The sum of the binding energies of the
stability of a complex between ligand and receptor that is useful for the investigation
of the binding properties between drug or ligand that mimics the biological process
with natural receptor. The molecular imprinting is a process that exploits properties
such as shape, size, and electronic features embedded in the known pharmaceutical
compounds, can be used as a tool for the determination of chemical and physical
property of the target or drug, or biological active entities (Mosbach et al., 2001;
Alexander et al., 2003). We employed a biological molecule or the part of active site

for generating a new biological compound in a nanovessel. Figure 2 shows typical
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synthesis procedure of generating a compound within the cavity formed with known

biological substrate as the template during polymerization.
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Figure 2 The principle of direct molding, two fragments bind at MIP cavities and it
accelerates the covalent bond formation between the two fragments with the highest

affinity.

When considering fabricating of molecular structures creating as nature to produce
recognition materials, that the cavity created by pharmaceutically active counterparts
that was assumed to produce biologically active compound when test further in
biological evaluation or assay. This method includes the choice of chemical or the
reagent that is known to be associated to the natural receptor to design ligands
selective for receptor following by mixing and match the fragment in an imprint of
original agent, resulting in the coupling product from the reaction of a series of
reagent with selected chemicals. Then chemical is incorporated into the imprinted
cavities, that was close proximity, near or at the active binding sites and induce the

chemical merge or combined between encounters by an appropriate chemical reaction



into a structure before extraction of the final product. For example, the imprinting of
the kallikrein inhibitor for generating new inhibitor have been previously reported, a
similar dissociation Ky as the known template (Mosbach et al., 2001). They pioneered
the generation of several compounds within the selective recognition site based on the
template-based method that the MIPs have also been applied as nanoreactors using
Huisgen 1,3-dipolar cycloaddition of azides and alkynes by Zhang and coworkers.
The synthesized products showed high regioselectivity and excellence kinetic rate of
the reaction (Zhang et al., 2006). Moreover, a metal-containing asymmetric
heterogeneous catalyst that have been synthesized by molecular imprinting and
methyl-(Z)-a-N-acetamido-cinnamate as the template showed a significant
enantioselectivity of production of the (L)-enantiomeric product (Lee et al., 2009).
When the carboxypeptidase was chosen as template for preparation of the imprinted
catalysts that led to imprinted cavity stabilized the tetrahedral transition state in the
hydrolysis of carbonate (Wulff and Liu, 2011). Therefore, synthesis of different
synthesized compounds and thus the particular entities is expected to contain the key
recognition related to the template structure that was used to construct the MIP.
Dopamine and serotonin which are interested for this study were used
as the templates that were single (dopamine) or mixed dopamine and serotonin.
Dopamine and serotonin are important neurotransmitters that have the autonomous
neuronal activities and can regulate the functional responses of neural activity. They
are clinically relevant compounds and dopamine as well as serotonin is used as
therapeutic. They are neurotransmitter, and hormone, which stimulate the receptors
for the central nervous system response and function, with a multimodal reaction, this

neurotransmitter receptor trigger and communicate each other within different



subtypes, or the other receptors for the regulation function of the body. One of
advantageous approach of MIPs for direct molding is used in this study relevant to
substances are used as the substrate for the reaction in both dopamine and serotonin
MIP nanovessel. Subsequently, the characteristic and evaluation of recognition ability
for the synthesized polymer materials were carried out by scanning electron
microscope (SEM), Fourier transform infrared spectroscopy (FT-IR) and pore
analysis.

Dopamine and serotonin receptors are targets in this study which the
reason for this is that they offer the opportunities of the development and screening
library of the dopamine mimics for the treatment of antipsychotics. The atypical
antipsychotic agents are partial D, receptor agonist and also blockage dopamine Dy,
D3, D4, and serotonin receptor (Roth et al., 1997; Konradi and Heckers, 2001,
Horacek et al., 2006; Jafari et al., 2012). Figure 3 shows the chemical structure of
some antipsychotic drugs used in this study. They were used as the substrate for

testing the recognition in this study or verify the selectivity of MIPs.
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Figure 3 The structure of atypical antipsychotic drugs.



Normally, the purification and characterization of the natural brain
receptor for assay and testing have many steps, time consuming, and cost effective.
Accordingly, the synthetic artificial receptors based on imprinting technique provide
the greater advantages of receptor mimics are less expensive to be synthesized than
pure receptors by replacement of biological recognition system. In addition, they also
storage and maintained their recognition cavities for several times (Vasapollo et al.,
2011). Previous work has shown that the biomimetic receptor using imprinting
techniques such as artificial beta-adrenergic receptor prepared by a novel method such
as reversible chain-transfer catalyzed polymerization (Bompart et al., 2015) and photo
initiated atom-transfer radical polymerization (Adali-Kaya et al., 2015) and this
employed the S-propranolol as a template. Latif and coworkers imprinted the estrogen
receptor on polyurethane layer (Latif et al., 2014). The previous studies of dopamine
and serotonin receptor mimics natural dopamine/serotonin receptors have been
reported that the polymer materials were tested for selective recognition properties
and behavior in competitive binding assay using dopamine in fluorescence
spectroscopy for ergot derivatives. The MIPs have potential to screen the compounds
from natural products and drug candidate by the polymer with responsive properties
(Suedee et al., 2006; Suedee et al., 2008). It is interesting to use these recognition
cavities of MIPs for the synthesized dopamine analogs that show high affinity for
both dopamine and serotonin MIPs. Moreover, each individual compound is tested for
its ability to bind to a given biological molecule which could be replaced by a more
stable artificial receptor. With MIP mimics, biological target have been developed,
yielding a plug that fills the portion in the active sites or binding site of imprinted

cavity.
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Upon screening method, the variety of strategies that are usually used
for evaluation of biological activity of new compounds such as, high throughput assay
(Hughes et al., 2011). In addition to biological assay, the screening without chemicals
and fresh original target, virtual screening is well known in computer-based methods,
molecular docking, for test large libraries of molecules of interest that complement
targets of known structure with the receptors (Shoichet, 2004). A protein-ligand
binding affinity is of greatly promising for study of the interaction between small
molecule and ligand with their binding sites of protein via non covalent interactions.
The information of affinity binding can help scientists screen of new lead compound
that have the specificity to the protein such as receptor, enzyme, cell, etc. Therefore,
protein-ligand binding affinity has become important for finding new drug and study
the interaction between drug and target protein. These prediction using calculated
binding free energies in detail Monte Carlo (MC) simulations (Michel et al., 2006)
combined with protein-ligand binding assay, allowed structure determination of
inhibitors bound to E. coli recombinant dihydrodipicolinate reductase with SYBYL
software package (Paiva et al., 2001). The assay system with computer aid tools had a
higher hit rate and allows the opportunity of screening potent compound to target.
Moreover, the strategies of molecular screening can be model structure of potential
synthesized compounds which had high affinity to the target by the MIPs for
individual test compounds associated with the template binding to the natural receptor
that reflected the structure similarity to the template. Furthermore, the biological
testing of natural target protein has become an essential component of
pharmacological screening, thus isolation and purification have to be carried out with

care due to the stability and the perturbed active site. Activity of the selected
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compounds for study of dopamine receptor or its binding site mimics the recognition
ability, provided a template describing the shape and binding domains. The generation
of candidate or drugs with biologically active properties is to describe the resulting
from the interactions of drugs and other organic molecules with the binding site of
proteins (i.e. receptor, channel, cellular organelles).

In this thesis, the mixture of building blocks for the synthesis
procedure of the MIP used to screening the dopamine libraries and to create various
compound-association dopamine and serotonin receptor; chlorobutyrophenone-type
ligand, or clozapine-type ligands in the MIP nanovessel. Subsequently, we validate
situ product formation into the binding site of MIP mimics by the competitive ligand
binding assay using natural receptor isolated from the rat hypothalamus. Also the
linking mechanisms of drug action at these receptors provide us the information of
ligand binding reflected the dysfunctional biological and cellular processes of human
diseases. The binding of imprinted polymer contains the active site for the assembly
of candidate occurred from the agonist or antagonist are able to bind to these receptors
mimicking the binding affinity of the natural one. The nucleophilic substitution
between the ligands and the amine structure occurred in the MIPs with a high physical
stability that have resistance in the harsh conditions. The energetic advantage of
present method can prevent the site that is mimic the entities of biologically active
compound formed for recognition during the polymerization, in turn to prevent the
interacting with its usual substrate and the formation of by-products. Although the
MIP nanovessels can give different conformational state or orientation, the

synthesized compounds need to be screened in biological activity or the aids of
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computer docking for study the binding properties of the obtained compounds from
the molding in a nanovessel using crystal structure of protein.

The quantification of ligand binding to specific dopamine and
serotonin receptors is a crucial key of drug finding research; therefore, receptor-ligand
binding assays are necessary to measure binding affinity and ligand efficiency. In this
study, we used the artificial receptor based on the biomimetic approach. Screening of
biological activity as applied to D;R ligand have been carried out by using of a
dopamine binding site mimic that would be correlated with the physical and chemical
properties of tested compound’s structure. The previous studies of using of labeled
ligand-binding assays, including fluorescent and radio ligand binding assays were
mainly utilized to detect biological active compound to the binding site of a natural
receptor. For competitive binding assays, the affinity of analyte for the receptor of
interest can be determined from their ability to displace the marker, labeled ligands
with radio-isotopes (Martres et al., 1985; Alberto et al., 1999; Lawler et al., 1999),
dyes or fluorophores (De et al., 2005; Baker et al., 2010), chemoluminescence
(Macdonald et al., 2000) and bioluminescence (Heils et al., 1996).

Receptor-ligand binding technique by a labeled marker had major
advantage is sensitivity (Lohse et al., 2012). Solving problems of the actual
compounds that have affinity for receptor instead of a labeled marker and detection of
the eluted the free ligand by mass spectrometry (Jonker et al., 2011). Previously, van
Breemen and coworkers developed pulsed ultrafiltration by using the molecular
weight cutoff membrane for pushes the unbound fraction to waste (van Breemen et
al., 1997). Then, the bound ligand was dissociated from the receptor, then eluted

through the membrane, and measured and identified by LC-MS (Liu et al., 2007).
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Affinity screening method is also well-known in its ability that depends on possible
binding of ligands to immobilize proteins on a solid support and the established
procedure for binding ligands. Jonker and co-researcher produced protein-Co(ll)-
coated paramagnetic as affinity beads for isolation of the target biomolecule by using
immobilized receptor on magnetic particles (Jonker et al., 2009). Both Gellan beads
and agarose were also used for the immobilization of bovine serum albumin (BSA)
and Protein A as an affinity solid phase chromatography for target capturing of 19G
(Ferrance, 2007). Also, Hofner and Wanner have reported the competitive binding
assays with dopamine receptor-ligand and D;R for the study of ligand binding in
matrix solution that mixed ligands, native marker, and the addition of receptor
(Hofner and Wanner, 2003), which selectivities similar to those of biological
antibodies (Ansell et al., 1996). In generally, artificial receptors based on molecularly
imprinted technique were able to investigate the recognition selectivity for analytes or
targets. This screening strategy employed the MIPs is beneficial about high affinity
and specificity, although the shape of test compounds in the various binding sites of
imprinted cavity may differ from the biological situation, the approach that speed up
the searching candidates in discovery. The computer aids tool was employed for the
determination of the binding affinity of recognition cavities generated by the bioactive
template molecules. In the case of protein recognition, flexible structure and
conformation can be easily affected by temperature and solvent upon the
polymerization; therefore, the synthesized procedure needs to be control to prepare
protein MIPs that have a biomolecule or protein as a template. However, the protein-
imprinted polymers were successfully produced by stamping method. Because of the

adsorption substrate for template proteins, such as mica surface with hydrophilic and
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negatively charged, and sugar shell, that produced high selective recognition via
surface imprinting. Immobilized sugars were used for fibrinogen-MIP production (Shi
et al., 1999). Immobilization techniques were developed to prepare MIP with
selective recognition for the hemoglobin on silica surfaces by using covalently
immobilized hemoglobin in polysiloxane networks (Shiomi et al., 2005). The BSA-
imprinted polymer with recognition polymer chains formed by using polyacrylamide
that were studied for hold the form of the protein template in the surrounding polymer
chains (Guo et al., 2006).

Sensor is a device for detection of the analyte with several changes of
signal, physical, chemical and electronic, and also mass in the process parameters or
any stimulus. It includes three parts consisted of receiver, detector, and recorder. The
transducer is a kind of detector that converts other form of energy such as electrical or
electromagnetic to read out as shown in quartz crystal microbalance (QCM) sensor.
The MIP thin films are used for coating on to QCM that are selective, simple and
sensitive method. QCM sensors are well-known to measure small mass changes of the
analyte by using the change in resonance frequency for the application in biosensor
application (Bunde et al., 1998; O’Sullivan and Guilbault, 1999). The QCM sensors
include a thin quartz disc that sandwiched between a pair of metal electrodes and

connected with oscillator circuit and frequency counter (Figure 4).
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Figure 4 Schematic view of a piezoelectric QCM crystal.

Figure 5 shows illustration of the preparation MIP film on the QCM by using the
synthesized peptide of gp41 fragment 579-613 as a template with epitope imprinting
technique (Lu et al., 2012). Then, this biomimetic sensor allowed for detection of
human immunodeficiency virus type 1 (HIV-1) with a high selectivity and specificity
to HIV-1.
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Figure 6 Epitope approach to synthesize MIP film for the detection of human

immunodeficiency virus type 1 related protein glycoprotein 41.
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Within this study, a three-dimentional structure of protein isolated from natural
source receptor that was used as a template has been previously reported, new kind
of the surface imprinting technique (Titirici et al., 2003) was used for produced
MIP material. The generation of MIPs using porcine serum albumin (PSA) as a
template (Liu et al., 2014).This strategy was also employed for the generation of
recognition site for peptide biotoxin melittin, the major component of bee venom
from Apis mellifera upon imprinting process and the measurement of QCM sensor
after template removal (Hoshino et al., 2008). One advantage of this technique for
preparation molecular imprinting film is the epitope-mediated imprinting that
recognized the dengue virus protein. A peptide containing Thr-Glu-Leu-Arg-Tyr-Ser-
Trp-Lys-Thr-Trp-Gly-Lys-Ala-Lys-Met was selected as linear epitope template (Tai
et al., 2005). This method offers the proteins bound to the MIP that the pre-polymers
were arranged in suitable orientation under the external conditions.

The change in mass of analytes on the quartz surface is related to the change in
frequency of the oscillating crystal, as shown by the Sauerbrey equation (2) with high
sensitivity and quick response.

) i — _
Af = N Am CrAm 2

Afis the different frequency resulting,
Am is the mass change,
f is the intrinsic crystal frequency,

pqis the density of the quartz, and

u,is the shear modulus of the quartz film (Baltus et al., 2007).
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QCM sensors have been applied for study of interaction of organic
compound or proteins of interest. The detection of both macro and small molecules
such as human rhinovirus and the foot and mouth disease virus (Jenik et al., 2009) has
been previously reported, estrogen 17p-estradiol, as well as endocrine disrupting
chemical (Latif et al., 2014). Previous report on the MIP selective for racemic
thalidomide and its (R)-enantiomer showed the selectivity of the enantiomer template
other than the racemic mixture of thalidomide by using a polyurethane imprinted
polymer (Suksuwan et al., 2015). The selective recognition of lovastatin in red yeast
rice with poly(2-hydroxy ethyl methacrylate methacryloylamido aspartic acid)
nanofilms have been reported (Eren et al., 2015). The themelphalan, an alkylating
agent active against malignant diseases were analyzed via electropolymerized
molecularly imprinted polythiophene films (Kumar Singh and Singh, 2015).

The goal of this thesis project as follows: first, MIPs were used as
nanoreactors which have specific binding site to develop the target molecules to
which dopamine analogs show binding affinity for dopamine and/or serotonin
receptors. Second, MIP cavities were used as a probe for understanding of the specific
molecular aspects of the dopamine receptor ligands. Third, MIP-based QCM sensor
layers which non-covalent interaction is necessarily for the binding on the artificial
receptors based on natural dopamine receptors as protein recognition that mimics
biological process. On sensor measurement, MIP-based QCM in which analyte-MIP
exhibits the sensor response and the binding sites of MIP allowed to trace back ligand
selectivity of the natural receptor to overall structural changes in the known molecule.
A dual electrode is advantageous to eliminate the effect of differances of conductivity,

temperature and machanical force, etc. That one electrode layered with sensor
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element and another by non-imprinted control polymer that was prepared in the
absence of template. The differences of substrates including either the agonist or
antagonist of dopamine receptor have been studied through measurements of binding
of the compounds using MIP-based QCM sensor. The test compounds associated to
dopamine receptors which elicit a range of biological activities and the development
of molecular structure for functional selectivity would be expected to be highly useful

for antipsychotic therapy.
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CHAPTER 2

OBJECTIVES

Choice of monomers and cross-linker

To prepare dual dopamine/serotonin molecularly imprinted polymer
(DS-MIP), dopamine molecularly imprinted polymer (D-MIP), and control polymer
(NIP) which dopamine and serotonin as template. The non-imprinted polymer which
were used as control polymers were prepared the same as the polymerization of MIPs
except in the absence of a template. Based on the structure of template, methacrylic
acid (MAA) and acrylamide (ACM) were chosen as the functional monomers that
have functional group of carboxylic acid and N-amide, respectively. A cross-linker,
N,N’-methylene-bis-acrylamide (MBAA),was used in this study, it is also necessary in
the formation of the selective material that play a key role of the formation of rigid
polymer network for stabilized binding site that obtained from template. A thermal
polymerization method involving free radical polymerization with 2,2'-azobis-
(isobutyronitrile) (AIBN) was chosen for the synthesis of the obtained polymer. After
the removal of template, MIPs and corresponding NIP were subsequently
characterized by the examining of surface morphology and surface area by SEM and
nitrogen adsorption/desorption using an automated gas sorption system, respectively.
Surface areas were measured from Brunauer-Emmet-Teller (BET) plots. Moreover,
pore volume and pore size were determined using the Barrett-Joyner-Halenda (BJH)

method by nitrogen adsorption/desorption using an automated gas sorption system.
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Objectives of this thesis

To apply the obtained artificial receptors of DS-MIP, D-MIP and
corresponding non-imprinted polymer to synthesize a range of the dopamine analogs
by nucleophilic reaction via molding method. This involved the reaction of
butyrophenone derivatives by amine compounds, tyramine, phenylethylamine,
benzylamine, phenylalanine methyl ester, 4-(3,4-dichlorophenyl)-N-methyl-1,2,3,4-
tetrahydronaphthalen-1-amine and 2-(3-(4-(3-chlorophenyl)-piperazin-1-yl)propyl)-
[1,2,4]triazolo[4,3-a]pyridin-3(2H)-one, with 1-chloro-(4'-fluorobutyrophenone).For
modifying of clozapine derivatives, the reaction between the hydrazine derivative and
eight acid halides, namely, 2-methoxybenzoyl chloride, 3-methoxybenzoyl chloride,
3-chlorobenzoyl chloride, 4-chlorobenzoyl chloride, phenylacetyl chloride, and 4-
methoxy-phenylacetyl chloride. The synthesized compounds from the coupling
reaction within the DS-MIP, D-MIP and the corresponding NIPs were compared and
characterized by spectroscopic methods such as FT-IR, *H-NMR, *C-NMR, liquid-
chromatography and mass spectroscopy. Then, the synthesized compounds were
screened for pharmacological activity to determine the binding affinity for isolated
biological receptor from Wistar rat hypothalamus using label free competition binding
assays with SCH23390 in ammonium formate buffer (pH 7.4) at room temperature
following by LC-MS-MS method.

To determine the binding affinity of the products were also calculated
by molecular docking, Surflex-Dock program, by using X-ray crystallographic
structures of the D3 receptor [Protein Data Bank entry 3PBL chain A] and the
serotonin 5HTy, receptor [Protein Data Bank entry 41AR] that were removed the co-

crystallized ligand and water molecules fixed, and that fixed side chains. For this, the
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computer docking was used to determine the total score, -log(Kd), of hydrophobic,
polar, repulsive, entropic and salvation for the binding affinities of the synthesized
compounds with the simulated protein structure that was obtained from data bank.
Also used to screen for active compounds with a binding affinity K; and I1Cs< 1 puM,
the support vector machine (SVM) models.

To employ the dopamine and serotonin MIP binding sites for
investigation function and photophysical properties of the hypothalamus proteins. In
this work, the mixture of polymer particles (NIP, D-MIP or DS-MIP) along with
clozapine were incubated for which the effect of probes or biomarker either with or
without rat hypothalamus was examined using fluorescence spectroscopy and
fluorescence imaging. A fluorescence decay and phase contrast microscopy for
determination of temperature-dependent molecular interactions in the presence of the
isolated rat hypothalamus, which allowed the relationship of energy and binding.
Furthermore, the identification of drug achieved from the synthesis of a series of the
chemical reagents and the precursor in MIP nanovessel were performed by *H-NMR,
SEM coupled microanalysis, and inductively coupled plasma-atomic emission
spectroscopy (ICP-OES). To examine the binding properties of MIP and in the
presence of D;R agonist and antagonists by competitive binding assay. To establish
the synthesizing procedure and differential binding of template on the optimal
conditions to achieve the optimal MIP coated QCM. To investigate D;R protein for
their binding characteristics which is relevant to biological activity of small molecules
on QCM sensors for analytical technique. To establish the binding affinity for ligand
binding assays with MIP-base QCM sensor and to compare them to the previously

reported that was achieved by radioimmunoassay.
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CHAPTER 3

SIGNIFICANT RESULTS AND DISCUSSION

Synthesis and characteristic of MIPs

In this study, the MIPs, DS-MIP and D-MIP, were produced for the
use in synthesis of a new entity of the dopamine as biological target for natural
dopamine and serotonin receptors. These artificial receptors were obtained by the
copolymerization of two functional monomers, MAA and ACM by thermal
polymerization reaction, using MBAA as a cross-linking agent in the presence of
mixture of dopamine and serotonin were the printed molecules for DS-MIP, single
dopamine as template for D-MIP and non-template for NIP in 80%v/v methanol
solution. This solvent was chosen because the dopaminergic and serotoninergic
agonist species of natural dopamine and serotonin receptors were soluble in polar
solvents. For interaction in recognized sites, the carboxylic group or the amide group
of functional monomers were capable of interacting with the hydroxyl and amino
groups of dopamine and serotonin templates. Moreover, N,N’-methylene-bis-
acrylamide would provide the flexibility and conformational adaptability to the
polymer that partially mimicked the properties of the natural proteins.

Table 1 shows SEM image and physical properties of the imprinted
polymers. The successfully preparation of MIPs were confirmed by FT-IR spectra of
imprinted and non-imprinted polymer materials that showed peak of O-H or N-H
stretching vibration, C=0 stretching vibration, -NH, bending, -CH,-CO bending,
-OH bending, and C-C-O stretching at 3422-3418, 1660-1657, 1532-1528, 1454-

1452, 1388, and 1114 cm™, respectively.
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Table 1 Characteristics of synthesized polymers.

>EM : BET
Polymer | micrograph Pore volume | Pore size FT-IR

) Surface -
(50,000, (x102 cm®/g) (A) (cm™)

area (m2/g)

3421, 2945,
1657, 1532,
2354 183.5 513.0 1452, 1388,
1212, 1114,
603
3418, 2943,
1660, 1531,
131.3 248.0 211.8 1452, 1388,
1211, 1114,
615
3422, 2942,
1657, 1528,
252.1 259.0 389.4 1454, 1388,
1211, 1114,
619

NIP

D-MIP

DS-MIP

The surface morphology of MIPs was observed by SEM. Imprinted polymers
exhibited a rough surface of the particles in which the aggregation of both MIPs was
higher than the NIP control polymer. The pore size, pore volume and total surface
area of MIPs were characterized in the range of 248.0-259.0 A, 1.3-2.5 cm®/g and
211.8-389.4 m%/g, respectively. MIPs were found to have a larger pore size than NIP.
The pore volume and BET surface area of corresponding NIP was larger than the
porous material for dopamine imprinted polymer. The obtained MIPs had
significantly enhanced surface area excellent template binding improved owing to an
increased surface area, particularly in DS-MIP. The effect of pore sizes of MIP on
absorption and the accessibility of the reagents or starting materials in imprinted
cavity. A large portion of a surface area is associated with surface and smaller pore

volume for D-MIP than the other polymers, the amine molecules will be unable to
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reach these sites. The results confirmed that the recognition selectivity of MIP
materials was successfully produced by molecular imprinting techniques. The MIP
cavities were applied in the synthesis of chlorobutyrophenone-type ligand and
clozapine derivatives for next study. Moreover, homogenous polymer chains
containing of functional monomers, MAA and ACM distributed on the backbone
were achieved in DS-MIP compared with D-MIP, and NIP, which led to higher

affinity for rebinding of template and analogs.

Synthesis of dopamine analogues by self-assembly approach
-Butyrophenone derivatives

Compounds with several rotatable bonds have a number of equivalents
low energy conformations that may gain access to imprinted cavity. The activated
complex can be considered by the having one loose vibrational mode into the release
bound molecules. In the case of transition state is much looser than the adsorbed
phase, which conferred to the loose chemical entity that should have degrees of
freedom that are more easily excited by temperature and the adsorption activation
energy for the adsorbed phase. If the binding parameter (b) of the reagent-MIP obeys
the Arrhenius equation:

—FEa
b”‘”?[ﬁ]

The activation energy derived from the Arrhenius type of temperature in the case of
this MIP system may be associated with the imprinted polymer. The existence of a
strong energy for driving the substrate or ligand into the reaction medium due to the

difference in the parameter between the amine compounds. The postulate states that
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the structure of a MIP-compound resembles that of the species nearest to it in free
energy. From the current study, the chlorobutyrophenone merged to the other reagents
at 60°C, and confirmed the structure of the MIPs resulted in its re-orientation and led
to reversible binding of the chlorobutyrophenone and various amine precursors. This
reversible binding of the bound species that the main driving force is non-covalent
interactions between two partners and the ability of their functional groups, to react by
nucleophilic substitution in a defined way. During the binding within the MIP binding
site, the amino moiety changed orientation that entailed the molecule prefers to the
most favorable conformation, or involving the lone pair electron on the nitrogen
giving the attraction at the alkyl halide. A transition state from one type to other, was
preassembly occurred, and selectivity dominantly in the nanovessel for the molding
within the surrounded polymer chains. The structures of the assembled MIP and the
reactants, then final reactant product in the binding sites as the template do. Thus, the
preassembled template and functional monomer that formed crosslinked chain with a
crosslinker, the forming of binding sites and the shape should be compliant to the
structure of the intended product.

The nucleophilic substitution reaction in imprinted nanoreactors occurs
only if there is a possibility of interaction between the precursor and binding site in
recognition cavity. This reaction enabled the synthesis of new entities from a
dopamine/serotonin receptor ligand by use of various amine structures as building
blocks similar to the template. The characteristic of MIP binding site for molding
reaction can be used to study the details by a systemic modification, for dopamine
binding site mimics. This is in turn to gain the knowledge about the selectivity of

biologicial process in the neural system. The process was used in this work that with
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selections of amine precursors, tyramine (1), phenylethylamine (2), benzylamine (3),
phenylalanine methyl ester (4), 4-(3,4-dichlorophenyl)-N-methyl-1,2,3,4-tetrahydro
naphthalen-1-amine (5) and 2-(3-(4-(3-chlorophenyl)-piperazin-1-yl)propyl)-[1,2,4]
triazolo[4,3-a]pyridin-3(2H)-one (6), as shown in Table 2, demonstrated for specific
binding in area of the receptor binding site. Subsequently, the bound molecules may
interact with the binding groups of functional monomers within the imprinted cavity,
that direct the reagents to link covalently by a suitable alkylation reaction with 1-
chloro-(4’-fluorobutyrophenone) confines within their binding pockets, which are
important in forming of more favorable new ligand of the binding site of the receptor
with a high degree of specificity. Sufficient time permitted the mold with reaction
rates can be achieved for the chlorobutyrophenone-type ligands and the amine
compounds. The results showed evidence supported that 1-chloro-(4'-
fluorobutyrophenone) could bind into the MIP binding sites. The results from
chemical synthesis in molecularly imprinted polymer nanovessel were obtained as can

be seen in Table 2.



27

Table 2 The precursor amines and resulting components of the mold reaction.

H
NH, Cl1 N
d + DMF, N3,CO3, A
— % - @)
HO o F HO o F

R-NH, Product in MIP cavitics

1 la

5 j ) R@j(\/\)l‘

6 cl | 6a

The difference of nucleophilic substitution reaction in DS-MIP, D-MIP and NIP using
the amine 1 and 5 to obtain 1a and 5a, respectively, depended upon their intrinsic
nature of the reactive groups. This method is compatible with amino group of reagents
under the controlled condition, which displaced the hetero atom on the
chlorobutyrophenone. The compound 2 formed a product 2a, particularly in
displacing only fluoride atom. In addition, the amine group of 3 displaced both

halogen atoms of chlorobutyrophenone gave 3a in only the mold reactions. But the
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butyrophenone derivative was not obtained in MIP cavities when 4 and 6 acted as the
reactants. The product from 4 and tertiary amine 6 were not observed because of
steric effect of bulky amine. Moreover, the nucleophilic properties of nitrogen atom of
amine reactants are important key in the nucleophilic substitution reaction but the
molding reaction were controlled by MIP’s cavity. Therefore, the nucleophilic
substitution reaction in imprinted nanoreactors occurs only if there is possibility of
interaction between the amine and binding site in the imprinted cavity, where the MIP
was assessed with respect to the surface area and the accessibility. As the reaction
should selectively generate the best synthesized compound for the imprinted polymer.
The result demonstrates that the procedure used that imprinted with the MIP binding
sites for product formation could be identified and enhanced a workable MIP system
in which the binding site of MIPs and reactants and its reactivity is occurred. Note
that, after washing the chemical product, the active binding sites in MIPs believed to
remain stabilized functional groups can rebind to the other reactants for new cycle of

the synthesis.

-Hydrazine derivatives

The hydrazine derivatives was produced to use for synthesis of
clozapine derivatives because of the presence of hydrazine functional groups and the
acid chlorides could be reacted easily that were capable of the formation of dopamine
analogues in situ. In particular, the reaction between hydrazine and acid chloride are
reactive toward carbonium ion are well suited for this study. As for the clozapine has
the main structure can be reacted towards hydrazine derivative (Sasikumar et al.,

2006). First step, the intermediate step involved hydrazine reaction between of
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clozapine with isoamyl nitrite obtained the hydrazine following by the diazotization
with an acid chloride, as shown in Table 3. A series of acid halides, including 2-
methoxybenzoyl chloride (7), 3-methoxybenzoyl chloride (8), 3-chlorobenzoyl
chloride (9), 4-chlorobenzoyl chloride (10), phenylacetyl chloride (11) and 4-
methoxyphenylacetyl chloride (12) were studied for the reaction of
hydrazinoclozapine derivatives in mold reaction. In this modification, the resulted
compounds (7b and 8b) were obtained from the product from 2- or 3-methoxy-
benzoyl chloride only in MIP nanovessel (see Table 3). Comparing to all of the other
acid chlorides (9-12) they did not react with the hydrazine compound in both the
MIPs and control polymer such that on obtaining the conversion of these functional
groups which is potential useful in the synthesis of these two clozapine derivatives in
the MIP nanovessel. Also, the results from reaction of hydrazine with the acid
chlorides in the triethylamine, indicating that the product may react in this solution
but that the presence of drug impeded by the steric imposed by the binding site of
MIPs occurred. The adsorption process of the imprinted materials may hydrogen
bonding, van der Waals interaction, ion-dipole interaction and hydrophobic

interaction.



30

Table 3 Summary of synthesis of clozapine derivatives from the reaction between

hydrazinoclozapine and various acid chlorides in the MIP nanovessel.
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The results from direct molding between butyrophenone and clozapine hydrazine
derivatives indicated that MIP nanovessel can be induced a more favorable
conformation of product that has high affinity to active site of artificial receptor by

which the component of the reacted compound near or at the binding group of the
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MIPs. The results demonstrated that the synthesized butyrophenone and clozapine
hydrazine derivatives have high affinity and greater binding efficiency on natural
dopamine and serotonin receptors. Therefore, the ability of MIP nanovessel can be
applied for chemical reaction to occur within the imprint cavity related to biologically

active compound.

Pharmacological screening by computer modeling and biological testing of
natural receptor

For Surflex-Dock, protomol or ideal active site of the crystal structure of
dopamine D3 receptor [PDB: 3PBL chain A] and serotonin 5HT,g receptor were
generated and the chemical compounds were docked in protomol using the Surflex—
Dock module that would give better understanding of protein—-ligand complexes for

the obtained compounds as shown in Figure 6.

(A)




32

JPBL(Chain A)

Figure 6 Modeling of biological receptors, D3 receptor (PDB ID: 3PBL) and 5HT;g
(PDB ID: 41AR) receptor for (A) butyrophenone derivatives, 1a-5a, and (B) clozapine

derivatives, 7b and 8b.

The computer docking for all the test compounds showed that the hydrogen bonds
(1.78-2.75 A) between the compounds and these receptors. The oxygen atom of
carbonyl group of 1a, 2a and 8b appeared to make one hydrogen bond with hydrogen
atom of amide group of ILE183. 3a also formed hydrogen bond with ILE183 and the
NH- group of 3a formed another hydrogen bond with oxygen atom on the benzene
ring of TYR373. But 5a and 7b did not show hydrogen bonding interaction with this
target. Moreover, the binding mode between the products and binding site of 41AR is
illustrated in Figure 6. 1la was capable to form hydrogen bonding interactions with
the CYS199 and ASP352 and GLN41. Hydrogen bond was formed between the
amine group of 2a and oxygen atom of hydroxyl group of THR134. And, the NH

group of 3a formed the hydrogen bond with ASP352. On the other hand, 5a, 7b and
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8b did not hydrogen bonding with receptor. Apart from this, the Surflex—Dock scores
gave the value of -log (Ky) and the free energy of binding (kJ/mol) of a ligand to a
protein that present by total score and CHEMSCORE, respectively. In addition,
Support Vector Machine (SVM) data for screening of active compounds by using D,
ligands with binding affinity K; and ICsy less than 1 puM were collected from

ChEMBLdDb database (Table 4).

Table 4 Predicted binding affinity of dopamine and serotonin receptor to various

ligands by Surflex-DOCK and SVM.

Surflex-DOCK Surflex-DOCK
Compound D; (PDB: 3PBL) 5HT,s (PDB: 41AR) SVM*
—log (Kq) | A4Ghinding | —log (Ka) | 4Ghinding D, | 5HT

Dopamine 3.75 -19.58 4.99 -20.22 1 -1
Serotonin 5.28 -26.37 5.06 -26.00 1 1
la 5.96 -28.90 6.88 -36.46 -1 -1
2a 6.24 -31.97 6.06 -40.54 -1 -1
3a 9.07 -41.46 7.66 -42.15 -1 -1
5a 5.94 -45.89 6.58 -30.57 -1 -1
7b -0.50 -41.23 6.07 -25.77 1 -1
8b 3.44 -37.47 4.58 -34.13 1 -1
Avripiprazole 8.41 -39.02 8.88 -38.00 1 1
Bromocriptine -1.19 -36.07 4.87 -32.73 1 -1
Clozapine 5.78 -33.33 3.87 -35.47 1 1
Fluphenazine 7.38 -38.87 8.02 -27.38 1 1
Haloperidol 7.84 -35.38 6.42 -30.45 1 1
Olanzapine 2.98 -25.66 5.29 -38.61 1 1
Risperidone 5.92 -29.84 7.75 -34.21 1 1
Spiperone 6.93 -36.17 6.78 -29.83 1 1
(S)(-)-Raclopride

tartrate salt 4.13 -21.82 6.38 -26.75 -1 -1
(R)-(+)-

SCH23390 2.77 -31.97 3.92 -28.05 1 1

* For SVM ; 1 =active, -1 = inactive at IC5,<1uM.
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The reaction products from the MIP nanovessels that was achieved, produced Surflex-
Dock scores and pKgy values, as shown in Table 4 from chlorobutylophenone and the
amine precursors more than 5.94 for both the dopamine D3 and serotonin 5HT,g
receptors. The 4Gpinging Of the synthesized compounds presented low binding energy.
Both methylmethacrylate derivatives of clozapine (7b and 8b) were active for
dopamine D, receptor and 1Csy were less than 1 pM. Moreover, the resulted
compounds from mold reaction both the D-MIP and DS-MIP had binding affinities
related to the well-known compounds used.

However, it is necessary to test biological activity with biological
protein receptor. The biological receptors isolated from Wistar rat hypothalamus in
ligand binding characteristics that represent the biological activity of the chemical
compounds. The chlorobutyrophenone-type ligands from mold reaction in the cavities
as the template were determined by competitive ligand binding assay for DiR with
SCH23390 using LC-MS-MS method. Table 5 shows the data of binding capacity
and log EDsy of the test compounds for the natural D;R from hypothalamus. The
maximal binding affinity was obtained in order: 5a>2a>3a>1a, while log EDs, of the
compounds, 5a>1a>3a>2a, was observed. The results of pharmacological screening
indicated that MIP nanovessel is highly potential for creating dopamine-associated

compounds that have biological activities related to the template.
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Table 5 Biological activity of chlorobutyrophenone derivatives for D;R (R? > 0.990).

Compound Bmax (UM) K¢ (M) log EDs
la 0.423 141 6.26
2a 0.435 227 3.20
3a 0.437 207 5.02
5a 0.467 558 6.79

The investigation of function and photophysical properties of the hypothalamus

proteins

The main objective of this study was to determine intrinsic properties of the

ligand that a changed fluorescence spectral in an attached ligand via the use of

dopamine and serotonin MIP binding sites either with or without the isolated rat

hypothalamus. The difference of red-shift fluorescence spectra was obtained when the

clozapine was adsorbed on the MIP with the addition of methacryloyl chloride that it

is because of the clozapine enter the MIP binding sites and anchored part outside was

within solution, as shown in Figure 7. This can be explained as that clozapine

oriented and accessibility that resulted from deposition led to the observed spectral

changes.
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Figure 7 Fluorescence emission spectra of the clozapine in the presence of
methacryloyl chloride and AIBN for D-MIP, DS-MIP and control polymer at

excitation wavelength 341 nm.

Upon titration of a series of methacryloyl chloride concentrations with
fluorescence assay where the MIP-bound clozapine were determined for the maximal
wavelength in the region between 360-630 nm. For MIPs, the relative fluorescence
intensity of clozapine rapidly increased but control polymer slightly increased with
the relative fluorescence intensity. These results suggested that the orientation of
clozapine in the presence of the methacryloyl chloride on the polymerization. The
fluorescence of clozapine was examined at various methacryloyl chloride
concentrations fluorescence spectroscopy have shown that the clozapine oriented
different positions. These changes in the fluorescence spectra of the bound
methacrylate derivative of clozapine reflect electron transition energies of the excited
state. Furthermore, the effect of zinc gave the significantly different on fluorescence
spectra. The results suggested that the differences of the clozapine fluorescence in the

MIP binding site exhibited the overall kinetics of clozapine association with the



37

protein receptor, allows one to conduct extensive structure-activity studies and overall
structural changes in the molecule. The change in fluorescence and quantum
efficiency in the case of clozapine derivative in MIP cavities both with and without
Zn(11) depended on temperature that obtained from DS-MIP in the addition of the
hypothalamus protein, as shown in Figure 8A and 8B. The surface area and a
relatively small volume of D-MIP were shown but it provided different selectivity and

temperature responses in the presence of Zn(Il) with the protein.
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Figure 8 The effect of temperature on fluorescent spectra (Aex = 340 nm) of clozapine
in the solution for MIPs and NIP in the presence of methacryloyl chloride; (A)
without Zn(Il), (B) with Zn(ll), (C) the addition of protein (200 pg) without Zn(l1),

and (D) with Zn(I1).
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Figure 8C shows the behavior of clozapine fluorescence for both the MIPs in protein
matrix. The results revealed that the hypothalamus protein affected the fluorescent
intensity in the MIPs with increasing temperature by which the positions and
organization of the reacted component in assemblies. Both the MIPs can be used as
probe for the assembled dopamine receptors which the binding sites provided by
prearrangement of the functionality of template complementary to functional

monomers.

The development of D;R-MIP based QCM sensor

The molecular imprinting technique was used to generate the
recognition on the DiR-imprinted polymer (D;R-MIP) using D;R as the template.
D;R-MIP has been prepared by stamping method. The generation of the D;R-MIP on
the QCM was carried out to mimic D;R binding site by using two functional
monomers, acrylic acid (AA) and N-vinylpyrrolidone (NVP), and N,N'-(1,2-
dihydroxy-ethylene)-bisacrylamide (DHEBA) as the cross-linker. The optimal
monomer ratio of AA:NVP:DHEBA was achieved at 2:3:12 molar ratio for
preparation of thin film onto QCM electrodes due to the best binding site and
excellent selectivity. AFM images showed the surface topographies of D;R-MIP and
NIP that were different although the same monomer mixture used but without a
template. The surface of MIP with high pillars or column shape with D;R was

obtained, while NIP showed very low surface roughness.
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Figure 9 Sensor signals for MIP and NIP containing different amounts of DR in PBS

buffer.

Figure 9 shows frequency response of D;R at different concentrations on the D;R-
MIP on the QCM sensor. Strong adhesion between receptor and the imprinted cavities
exhibited the properties of the imprinted polymers and the recognition selectivity
toward the template protein and influence of D;R in PBS both with and without
stabilizer or BSA. This result confirmed that the signal response from D;R obtained
with the addition of the stabilizer and BSA, indicating that these compounds had no
effect on sensor signal. The results revealed the imprinting effect due to the
recognition by MIP to the template. The NIP showed positive frequency responses
which suggested the mobility of analyte on the surface of the layer coating. An
appreciable sensor characteristic was clearly shown with reversible signal is rapid
within 30 min. The three-dimensional DiR proteins deposited onto the MIP layer
coating on the QCM that protein binding site was immobilized on the MIP, would be
applied for sensor measurement in dopaminergic receptor-ligand binding assay. For

this purpose, the agonist, dopamine HCI, and antagonists, haloperidol and SCH23390,
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were tested which the frequency responses for these compounds produced I1Csg and Kgq
values depending on the selectivity of D;R-MIP. Table 6 shows ICsy and Ky values
correlated well with the value determined in previous study. The results showed that
D;R-MIP-QCM sensor can detect these compounds showing affinity to D;R.
However, the test compound with low affinity cannot be detected in lower
concentration of dopamine HCI (< 9.4 uM). The results suggested that D;R-MIP on
the QCM sensor provided the well-organized binding site of MIP and high efficiency
of the MIP is due the surface chemistry the accessibility of the binding site, hence the
possibility of receptor-ligand binding assay. The result also suggested that the

stabilizer used preserved the active site of D;R receptor on the MIP.

Table 6 Bnax, Kq and ECsg values for each compound were calculated by Sigma plot.

Test compound Brmax Kqg ECso ICso or ECx (ref.)
(nM) (nM) (nM)
Dopamine 242 0.874 | 517x10° | 5000 (Mottola et al., 1996),
39* (Risgaard et al., 2014)
Haloperidol 242 25.7 1904 550 (lorio et al., 1987),

620" (Hofner and Wanner, 2003)

(+)-SCH23390 43.0 0.004 0.283 | 0.57 (Brewster et al., 1995),
0.60* (Sun et al., 2013)

* D;R from Homo sapiens

+ D4R from Sus scrofa (pig)
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CHAPTER 4

CONCLUSION

The development of MIPs was carried out to act as artificial dopamine
and serotonin receptors and used as single dopamine and/or dual dopamine and
serotonin templates that mimicked the binding sites of these receptors. The MIP
nanosized cavities had properties that helped them to create dopamine analogs that
had biological activity and were related to the printed molecule for recognition of the
dopamine and serotonin receptors. Also, the cavity of the MIPs was used as a probe to
tag the functions and photophysical properties of drugs. Changes of fluorescence for
the drug clozapine occurred at higher temperatures, particularly with the MIP
prepared by using mixed dopamine and serotonin. This indicated that the drug was
oriented on the natural receptor with the additional small molecules or biomarkers for
the MIP and this was highly useful for examining the activity of the drug at the target
site. This alternative method may help to provide a better understanding of the
binding characteristic of the neural receptor and function, and also the interactions
between the subtypes or other receptors. This screening strategy made use of the high
affinity and specificity of the MIPs, although the shape of the test compounds at the
various binding sites of imprinted cavity may differ from the actual biological
situation. However this approach can accelerate the search for candidates for new
drugs. The computer aids tool would be employed for determination of the properties
of the recognition cavities generated by the bioactive template molecules. Therefore,
the imprinted cavities obtained from the dopamine and serotonin as templates can act

as mimics for the natural active site of receptor. These bioanalogous receptors have a
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more stable site of their predefined cavity than a natural receptor and they can be
reused several times. In addition, the D;R-MIP was prepared on a QCM to detect the
recognition ability to the template protein as a result of the sensor measurement. This
MIP had a high selectivity and provided a sensitive sensor signal towards the D;R.
The sensor measurement by the D;R-MIP was examined during the D;R receptor-
ligand binding assay as well as for the binding site characteristics of the agonist and
the antagonists on the D;R. The computer docking information was combined with
this method, although the crystal structure of the protein was obtained from the
protein data bank, to help to screen for compounds that would be active with the
natural neural receptor. The precise structure of the D;R in the MIP-QCM sensor as
well as those for the other receptors used should be examined by X-ray, protein
crystallization etc.

The single dopamine- and dual dopamine/serotonin-molecularly
imprinted polymer reflected the importance of the active site for the receptors for
dopamine and serotonin. For future work, these imprinted binding sites will be
applied to study other reactions of appropriate reagents on the binding sites in
nanocavities of the MIP and the multiple sites for monitoring the interaction between
other drugs and the natural neural receptor. This alternative method of using the
protein-MIP-QCM sensor will be developed to measure the receptor-ligand binding
and will be potentially useful for screening for the binding affinity of compounds that

could be used to treat psychotic diseases.
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In this study, we have developed a novel molecular imprinting method for the cloning of a drug with mul-
tiple templates to achieve a broad selectivity, and then produce reactive dopamine analogs. The products
were produced within selective recognition sites of the artificial system prepared against dopamine (D)
and serotonin (5) as a single and a mixed template. As a consequence of the functionality of the anchoring
sites being was able to make proximity changes that could promote changes in the nanosized space for
surface access for the reactants but avoided the non-active center of the formed nanosized assembly. The
most effective analogues had a By, of the DS-MIP (1.0 M per g polymer) that was about twice that of the
D-MIP. The receptor-ligand interaction studies revealed differences in the absorbance by the rat hypo-
thalamus, and indicated that an additional potent hit was obvious. The dopamine analogs had a smaller
space for receptor subtypes as determined by molecular docking and the implication of the selective D
receptor agonists as well as the 5HT,,, receptors, for the treatment of Parkinson's disease. The proposed
model indicated a possible role from the desired fragments that had been inserted into a specific binding
pocket of the protein near to the gorge rim as being the significant pharmacophore of this class. They
showed good binding affinity for the 5-HT,, receptors. The screening test with a natural D, receptor
yielded a By of 0.44 M and the corresponding Ky values were 100-500 nM. Thus, this process that
occurred in an artificial dopamine-imprinted receptor allowed for preclinical testing to identify possible
neuroleptic agents and their neuroprotective effects hopefully with reduced side effects.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

polymer-biopolymers, and this has led to a huge impact on bio-
logical sciences particularly those associated with many aspects

The role of chemistry to provide good copies of neurobiolog-
ical processes is still relatively unsophisticated yet is needed to
help us to better understand the many integrated processes that
occur in nature [1]. Self-assembly processes have begun to play
an important role in pharmaceutical development. In most recent
times it has become possible to generate synthetic self-assembly-
based systems to copy and provide properties similar to those
that occur in nature [2,3]. In addition such systems may allow
for the development of unique applications that will enable an
expansion in therapeutics to assist in ensuring clinical efficacy
[4]. Research workers are now able to study biomimetics and

* Corresponding author. Tel.: +66 74 288862, fax: +66 74 428239,
E-mail address: roongnapa.s@psu.ac.th (R. Suedee).

http:{/dx.doi.org/10.1016/j.procbio.2015.06.018
1359-5113/@ 2015 Elsevier Ltd. All rights reserved.

of nanotechnology. This has encouraged support for research on
various aspects of biomimetics. Self-recognition systems can use
these self-assembly processes that are similar to those found in the
selective recognition of chemicals by DNA, proteins or enzymes [5].

These specific binding interactions also occur during the assem-
bly and formation of connections involved in brain functions that
are affected by stress, illness and adaptation of reward cues in
the neural network. It also allows the same brain cells to syn-
chronize many different processes [6]. Molecular imprinting is
an approach to target important components using molecular
recognition. Molecular imprinting involves formation of a poly-
merizable preformed compound with a pre-defined recognition
site within a highly crosslinked network in a polymer matrix for
a template known to have biological activity [7]. Imprinted cavities
that accommodate functional monomers can be fabricated when
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Scheme 1. (a) A schematic illustration for target identification, that was based on the synthesis of an imaged recognition surface of a hybrid molecule from the dopaminergic
drug, and also included structures of the serotoninergic motifs in the synthesized recognition material. (b) The view of the imprinted materials that engaged much more
regioselective binding of the molecules and had direct implications for the selective D5 receptor agonists. Inset: structures of dopamine and serotonin that were used as the

templates in this study.

template molecules are mixed with a polymerizing mixture that
forms a polymer matrix that is attractive for use in screening of a
drug candidate and for applications in drug development [8]. The
artificial receptor sites formed are capable of rebinding the tar-
get molecule with a highly complementary property comparable
to those found for antibodies with antigens and other parts of the
immune system; imprinted polymers can therefore be dubbed as
synthetic “antibody mimics".

The complex relationships between a drug and its specific
molecular targets for treatment of schizophrenia are not fully

understood because of the complexity of the drug target networks.
This impasse often leads to low drug effectiveness, a relapse and
unwanted side effects following treatments by drugs of neurolep-
tic disorders. It is likely that some different psychoactive agents
will provide significantly different side effects of the neurologi-
cal therapeutics and physiological variables in the dopaminergic
neurons or even result in a response tolerability. Dopamine (D)
and serotonin (S) are important neurotransmitters (see the struc-
ture in Scheme 1) that regulate the autonomous neuronal activities
and can regulate the functional responses of neural activity for
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which they are clinically relevant compounds. Fluctuations in the
D/S concentrations or the activities of their receptors affect men-
tal depression and other psychotic disorders [9]. Dopamine levels
can be reduced using a partial D7 agonist or an auto receptor ago-
nist together with an antagonist for the central 5-HT»4 receptors
[10]. Antipsychotic agents differ in their relative potency because
of their ability to bind to multiple complex receptors of dopamine
subtype receptors [11]. The signaling of the regulation and con-
nections between the multiple copies of its cell surface receptors
or that involve activity-dependent refinements of receptor bind-
ing sites across the signaling networks [12]. Tremendous efforts
are underway to develop functional materials that can rapidly
assess the potential effectiveness and classification of new drug
candidates or isolated compounds according to their mechanism
of action, or serve as drug delivery aids for drug screening. Since
there are huge numbers of dopaminergic drugs that differ in their
relative potency due to their affinity and ability to bind to sub-
types of the dopaminergic receptors and the cellular response that
occurs when their receptor binds to its recognition target or acts
as a neurotransmitter and receptor signaling into the functions of
the cellular network. These responses are elicited in response to
the molecules, hence it is important to understand the role of the
receptor proximity to the regulation of signaling in these receptors.
Recent studies on the binding of the therapeutic molecules to the
D and S receptors have shown it is possible to have an increased
efficacy against negative symptoms to make more efficacious and
safer drugs [13].

Drug-protein complexations are likely to depend on defined
structures, so a binding interaction should result in a number
of different treatments of CNS mental disorders with different
side effects to those of antipsychotics, including ones that inter-
act with the D receptors [14]. Construction of a biosynthetic
antibody-like material can be used through chiral selective syn-
thesis with selected building blocks binding to target an enzyme
inhibitor at the active site that also carries the important biologi-
cal activities, and/or other preferentially exposed sites, as described
previously [15]. A number of antipsychotic agents have been inves-
tigated for their binding range to proteins and enzymes including
dopamine receptor subtypes, or Ca?*/calmodulin-dependent pro-
teins [16], human serum albumin [17], and other synthetic
models such as calixarene and cyclodextrin [18]. The knowledge
of dopamine receptor genomics from advanced genomic tech-
nologies [19], proteomic analysis [20] as well as mechanistic
studies [21] are highly useful to understand the structure and
function of dopaminergic receptors and perhaps assist in drug
discovery. Based on this information we have suggested using
an artificial system fabricated by a self-assembly of molecules to
produce selective recognition sites of the artificial system that
could facilitate the design of bioactive molecules using the means
of non-covalent molecular imprinting. This is reasonably well
suited to other methods for modern drug discovery. Also, the
functional material of the MIP system mimic a natural dopa-
minergic system that enabled them to recognize newly formed
molecules that may provide effective therapeutic effects and also
have neuroprotective properties. The imprinted cavity provided
an opportunity to study the connectivity of adaptively respond-
ing to the reactants associated with the ability to recognize the
molecules at the dopaminergic receptor with different binding
affinities.

We sought to develop a novel strategic rationale, the so-called
close to-and-avoid approach, for the molecular design using an
artificial MIP recognition system that was similar to specific pro-
teins that have grooves for the preferential entry of molecules
that clustered in the binding pockets for which it had some pref-
erential functional site that was distinguishable from the closed
binding site. These bio-inspired, biomimetic materials allowed for

interactions of the desired reagents in close proximity to the multi-
ple sites of interaction — had been generated for the recognition of
dopamine or dopamine/serotonin as a single or a mixed template —
thatinduced the groups within the MIP binding site but avoided the
non-active center site in the D-binding site. This was attributed to
the existence of a shadow mask on the binding group of the D mim-
ics upon the polymerization process. This proof-of-principle close
to-and-avoid approach was devised for the build-up of irreversible
bond connections of the reactants in well-defined sites that were
related to the self-assembly of molecules so that a pharmaceuti-
cal biologically important compound or neurotransmitter acting as
a template would allow access for a biologically active entity sur-
rounded by a nanosized space of polymer particles. We installed a
small chemical to react preferentially and even for the utilization
of a precisely defined specific binding, into a functional recognition
cavity into the active site within the interior of the D imprinted
receptor. This envisions that the whole binding interaction would
be produced by nucleophilic substitution that should more specifi-
cally engage the binding mode of the organic molecules-associated
with the dopaminergic receptors.

In this paper, we describe the synthesis and characterization
of an imprinted dopamine receptor that was an effective binding
site for identification of potential therapeutic agents. Two series
of molecules derived from the D receptor agonists and antag-
onists were selectively synthesized to develop a set of hybrid
molecules within the produced polymer matrix. We investigated
the role of the active binding site in the MIPs on the many inte-
grated processes of the dopaminergic receptor with self-assembled
organic molecules. In the structural-activity relationship study, we
introduced a known D receptor agonist and antagonist chlorobu-
tyrophenone and hydrazinoclozapine molecule fragments derived
for biological recognition of Dy, Dy, D3 and D4 receptors as well as
the D subtype of the serotoninergic receptors, then selectively syn-
thesized the complementary pairs to known fragment-associated
receptors inside the imprinted cavities. In order to examine the
effect of space and orientation in the dopamine-derived imprint
cavity on that with the fragments that preferentially occupied
the pocket close to functionally active site of natural receptor,
compounds were characterized that were supported by the Surflex-
Dock for molecular docking using the crystallographic structures of
the D3 receptors and the 5-HT;, receptors. This task was aimed
for the development of a highly potent and selective Dy recep-
tor agonist having a neuroprotective effect in Parkinson’s disease.
Also, the diversity of the pharmacological features in associa-
tion with the specificity data of those compounds was compared
to a set of known drugs then being testing for biological activ-
ity using a Dq receptor from the hypothalamus of the Wistar
rat.

2. Experimental
2.1. Reagents and chemicals

Dopamine hydrochloride, serotonin hydrochloride, alpha-
ergocryptine, pergolide, ergonovine maleate, clozapine and (5)-(—)-
terguride hydrogen maleate were from Sigma-Aldrich Chemical
Company (Milwaukee, WI, USA). 1-Chloro-(4'-fluorobutyro-
phenone), benzylamine, phenylethylamine, tyramine, phenylala-
nine methyl ester, 2-methoxybenzoyl chloride, 3-methoxybenzoyl
chloride, phenylacetyl chloride, 4-methoxyphenylacetyl chloride,
3-chlorobenzoyl chloride, 4-chlorobenzoyl chloride, succinyl
chloride, cyclopropanoyl chloride, 2-(3-(4-(3-chlorophenyl)-pip-
erazin-1-yl)propyl)-[1,2,4]triazolo[4,3-a]pyridin-3(2H)-one, acryl-
amide (ACM), N,N'-methylene bisacrylamide (MBAA), methacrylic
acid (MAA), (5)-(—)-raclopride tartrate salt, (R)-(+)-SCH-23390 HCI
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and sodium 1-heptanesulfonate were from Sigma-Aldrich (Mil-
waukee, WI, USA). 2,2'-Azobis-(isobutyronitrile) (AIBN) was from
Janssen Chimica (Geel, Belgium). MAA was purified by distillation
under reduced pressure before use. 4-(3,4-Dichlorophenyl)-
N-methyl-1,2,3,4-tetrahydronaphthalen-1-amine (DMTA) was
derived from a commercially available sertraline hydrochloride-
based pharmaceutical product [22]. Biorex-70 resin was from
BioRad laboratories (CA, USA). All solvents used were of either
analytical or HPLC grade. Working standards were always freshly
prepared.

2.2. Synthesis of the molecular imprinted polymer

The dual D/S MIP (DS-MIP) was obtained by in situ polymer-
ization of the template, MAA and ACM as the mixed functional
monomers and a crosslinker MBAA. A molar ratio of tem-
plate:MAA:ACM:crosslinker of 2:2:2:10 was used together with
a 1:1 molar ratio of the D and S mixture as the template follow-
ing a similar procedure to that for the single-recognition MIPs, for
the D-MIP and S-MIP. These MIPs were synthesized by the pro-
cedures reported previously [23] with some modifications using
different monomeric components consisting of a large volume of
methanol/water (4:1, v/v; 30 mL) as the porogen. A control non-
imprinted polymer (NIP) was prepared in the same way as the MIPs
except that the template molecules were omitted. Each mixture
was purged with nitrogen gas to remove oxygen. Copolymeriza-
tion was performed at 60 “C for 18 h. The polymers were ground,
and the template removed with acetic acid in methanol (10% v/v,
3 x 500 mL) and then methanol (8 x 100 mL). The polymer was sep-
arated by vacuum filtration. Complete extraction of the template
was confirmed by fluorescence spectroscopy of the filtrate. The
polymers were dried under vacuum and stored in air-tight con-
tainers at ambient temperature until required.

2.3. Measurements

The chemical functionalities of the polymers were examined
by infrared spectroscopy using an FTIR spectrophotometer (Perkin
Elmer 2000, Perkin-Elmer, Beaconsfield, UK). Surface morphol-
ogy was observed by scanning electron microscopy (SEM; Quanta
400, FEl, Hillsboro, OR, USA). The mean sizes of the samples
were analyzed by a laser particle size analyzer (Beckman Coulter,
CA, USA) at a fixed scattering angle of 90°. Particle size dis-
tributions were expressed as D(v, 0.5), that was the respective
diameter for 50% of the cumulative volume. The surface area,
pore volume and pore size were investigated by nitrogen adsorp-
tion/desorption using an automated gas sorption system (Autosorb,
Quantachrome, FL, USA). Surface areas were determined from
Brunauer-Emmet-Teller (BET) plots, while the average pore diam-
eters and cumulative pore volumes were calculated using the
Barrett-Joyner-Halenda (BJH) method. Diffusion coefficients (D;)
and hydrodynamic radii (Ry) were assessed by incubating the NIP
and MIP in 50 uM D at 303 and 308 K in methanol/water (4:1) as a
porogenic solvent. Control polymers were incubated in the absence
of a template. The NIP and MIP with and without D were incu-
bated in methanol and water as independent experiments. After
overnight incubation, fluorescein isothiocyanate (FITC) (100 M)
was added and visualized after 60 min using a confocal laser scan-
ning microscope (FV300, Olympus, Tokyo, Japan). Images were
analyzed using Fluoview software (Olympus, Tokyo, Japan). R, was
calculated from:

KT

Ry = 6mnD;’

(1)

where K is the Boltzmann constant and T is the absolute tempera-
ture in Kelvin. The viscosity factor n was assumed to be 1 ¢cP, and D;
was calculated as

KT

f=m| (2}

where d is the diameter of the diffusing molecule.

2.4. Displacement assay

The binding of the D analogs to the D-MIP complexes was eluci-
dated in mixtures containing an excess of the starting D and other
fluorescent compounds were eluted from the MIPs after incuba-
tion with an initiator. First, the contact time required for the D to
bind was examined. MIPs (50 mgmL~"!) were incubated at room
temperature by agitation with D (5mL, 50 p.M) in a binary solvent
mixture — MeOH/water (4:1 v/v) — and AIBN (1% w/w). Unbound
D was determined by fluorescence spectroscopy with an emission
wavelength of 279 nm and an excitation wavelength of 320 nm.
The presence of fluorescent compounds other than D was evalu-
ated using HPLC (Shimadzu, Kyoto, Japan) with a C1g ODS column
(5 m particle size), sample volume of 30 uL, a mobile phase of
MeOH/acetate buffer (1:1) containing 2.5 mM sodium heptanesul-
fonate, and a flow rate of 0.5 mLmin—'.

In order to determine the binding-specificities, the D-MIP that
consisted of MAA (0.5 mmol), 1-vinyl-2-pyrrolidinone (0.5 mmol)
with dihydroxybisacrylamide (0.5mmol) and dopamine HCI
(0.2 mmol) as template in the polymer synthesis were used in a
displacement assay using dopamine as a probe. Control experi-
ments were carried out with the non-imprinted polymer (NIP). In
a typical binding experiment, the particulate polymer (10 mg) was
added to 2 mL of the solvent and the suspension was stirred, and
then filtered into a 96-well multifilter plate. The analyte solution
containing 5 pg/mL of dopamine (or other related compounds), or
1 mL of the pure solvent (blank), were added and then washed out
with 10% v/v acetic acid in methanol, and finally with methanol at
room temperature (25 + 1°C). The rinses from the polymer were
then analysed for their free drug content by LC-MS-MS analysis as
described in Section 2.8 except that 5% acetic acid in distilled water
was the mobile phase.

The '"H NMR spectra were obtained at 25+ 1°C using a 500-
MHz NMR spectrometer (DRX, Bruker, Billerica, MA, USA); chemical
shifts were recorded in parts per million (é) downfield from tetram-
ethylsilane (TMS). The pre-polymerization mixture consisted of
MAA or MAA and ACM with an MBAA cross-linker. The filtrate
from the polymer after binding was reconstituted in a spectroscopic
grade porogenic solvent (4:1 v/v dg-methanol/D;0) for the NMR
studies. Different combinations of ACM and D were added sep-
arately, or a mixture of ACM-MAA (1:1, w/w), ACM-MAA-MBAA
(1:1:5, w/w), or ACM-MAA-MBAA (1:1:5, w/w) with D (0.5mg)
in deuterated solvent (2 mL). The radical initiator (1% AIBN) was
added in an amount that was suitable for the total amount of the
monomer.

The recognition of the template by MIPs at 301, 308 and
313 £ 1 K was examined after rebinding using D-MIP, DS-MIP and
the corresponding control NIPs (50 mg) with template solutions
that ranged in concentration from 0.1 to 4mgmL~! in MeOH/water
(4:1 v/v). In a typical experiment, polymer (50 mg) was added
to the D solution, that was stirred for 24 h. The mixture was
filtered through a 0.45-pM filter, and the filtrate analyzed by
fluorescence spectroscopy using the excitation and emission wave-
lengths of 279 and 320nm, respectively. The amount of drug
in solution was determined by reference to a calibration curve.
The amount of the bound drug was calculated by subtracting the
amount of the free drug from the total amount of the added
drug. All experiments were performed in triplicate. D binding at
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various concentrations was determined using fluorescence spec-
troscopy to quantify the unbound probe as described for the binding
study.

2.5. Synthesis of the butyrophenone derivatives

The amount of amines formed should vary according to their
affinity for the imprinted site on each MIP. The MIP (1 equiv.) and
each of the amine reagents (10 equiv.), tyramine (1), phenylethy-
lamine (2), benzylamine (3), phenylalanine methyl ester (4),
DMTA (5) and 2-(3-(4-(3-chlorophenyl)-piperazin-1-yl)propyl)-
[1,2,4]triazolo[4,3-a]pyridin-3(2H)-one (6), were dissolved in
dimethylformamide (DMF) and incubated at room temperature
for 2 h. 1-Chloro-{4'-fluorobutyrophenone) (10 equiv.) and Na;CO3
(10 equiv.) were added. The mixtures were stirred at 80°C for
14h, and then centrifuged at 6000 rpm for 10 min. The corre-
sponding alkylation products were extracted from the MIPs with
0.2% acetic acid in MeOH and the solvent removed by filtering
through a cellulose membrane. Binding sites of the MIPs were
reused several times to produce new chemical species. Samples
were filtered and then crude mixtures were analyzed by lig-
uid chromatography/mass spectrometry (LC-MS) using selected
ion mass spectrometry (SIMS), which allowed the products to be
directly identified by their molecular weights. The final mixtures
that contained alkylation products, excess of precursor amines
and 1-chloro-(4'-fluorobutyrophenone) were analyzed by electro-
spray ionization mass spectrometry (ESI-MS). Each new compound
was characterized by 'H and '3C NMR spectroscopy (500 MHz,
Bruker, MA, USA), FT-IR spectroscopy (Perkin-Elmer, Beaconsfield,
UK) and high-resolution MS (MAT 95XL, Thermo Finnigan MAT
GmbH, Germany).

2.6. Synthesis of the clozapine derivatives

We screened for reagents able to react within the MIPs by
nucleophilic reactions between the hydrazine derivative cloza-
pine and various acid halides. The initial step was a hydrazine
reaction between clozapine and isoamyl nitrite to afford clozap-
ine hydrazine derivatives. Clozapine was converted to hydrazine
according to the following diazotization. Clozapine (1 equiv.) was
dissolved in dichloromethane (DCM, 25mL) and isoamyl nitrite
(4equiv.) at room temperature over a 3h period. The solvent
was removed and the crude solid was dissolved in glacial acetic
acid. This solution was added dropwise to a suspension of Zn in
acetic acid (6.67% w/v) over a 1h period at 10-15°C. After 3 h,
the solution was filtered and extracted with DCM (3 x 100 mL).
The conditions for modification of the clozapine derivatives in
each polymeric recognition material were the same as reported
previously [24]. A series of clozapine derivatives were syn-
thesized using the MIPs as follows: hydrazine (10equiv.) was
dissolved in triethylamine containing the MIP (1 equiv.) in a round-
bottomed flask and incubated at room temperature (27+1°C)
with a single acid chloride (10equiv.) from: 2-methoxybenzoyl
chloride (7), 3-methoxybenzoyl chloride (8), 3-chlorobenzoyl
chloride (9), 4-chlorobenzoyl chloride (10), phenylacetyl chlo-
ride (11), 4-methoxyphenylacetyl chloride (12), cyclopropanoyl
chloride (13) and methacryloyl chloride (14), with stirring for
14h. The resultant compounds were extracted from the MIPs
using 10% acetic acid in MeOH, centrifuged and then filtered
through a cellulose membrane. The crude product was purified
by recrystallization from chloroform and hexane. Products were
characterized as mentioned above. Other materials were prepared
in the same manner using different reactant chlorides includ-
ing succinyl chloride, cyclopropanoyl chloride and methacryloyl
chloride.

2.7. Biological assays

The synthesized compounds were screened to assess their
binding affinity for a soluble protein receptor from the rat hypo-
thalamus. This study was approved by the Animal Research Ethical
Committee at Prince of Songkla University (Ref. 30/2014). The
hypothalami of dissected Wistar rats of both sexes with an age of
approximately 3 months and weight of 200-210 g were immersed
in ice-cold physiological buffer (pH 7.4). To prepare the pellets of
the receptors, the hypothalamus was removed and homogenized in
cold physiological buffer (50 mM Tris-HCI, 0.5 mM Na;EDTA, 0.1%
ascorbate and phosphate buffer). The homogenate was centrifuged
at 2000 rpm for 10 min to remove gross debris and the obtained
supernatant was re-centrifuged at 20,000 rpm for 10 min. This pel-
let was resuspended in buffer (10mL) and centrifuged again at
43,000 rpm for 20 min. A typical screening affinity was performed
with a slight modification of the original assay [25]. Bovine serum
albumin (BSA) was diluted three to five times to prepare a standard
of an equivalent concentration to the protein solution to be tested.
The linear range of the assay for BSA was 0.2 to 0.9mgmL-!,
whereas the linear range for the IgG was 0.2 to 1.5mgmL-!. Each
standard and sample solution (100 pL) was added to a clean, dry
test tube and incubated for 1h at room temperature. Diluted dye
reagent (5.0mL) was added to each tube and mixed by vortex.
Samples were then incubated at room temperature for 30 min and
the absorbance at 595 nm was measured. Binding of the test com-
pounds to the MIPs and biological receptor from the hypothalamus
was compared. Control experiments in the presence of blank BSA
instead of binding protein were also run as described above. In
all cases each value was provided as the average of three repli-
cates.

2.8. MIP sorbent assays and the biological test

The membranes used in this study were prepared from the
rat hypothalamus. Brain tissue was ground in buffer A and
included: 0.32 M sucrose, 50 mM Tris-HCI, 10 mM NacCl and 10 mM
EDTA, with a protease inhibitor (10 pL mL~') for 1h at 4°C. The
homogenate was centrifuged at 1000 x g for 10 min to obtain a pel-
let and supernatant. The D receptor was purified with a Biorex-70
resin that was washed several times with distilled water and buffer
A until the pH was 7.2. The sample was loaded on the column and
eluted with physiological buffer (100 mL), 0.5M NaCl in buffer A
(100 mL) and 1 M NacCl in buffer A (100 mL). The resulting solution
was lyophilized to afford the D receptor and assayed for its con-
tent of protein. All fractions were examined by SDS-PAGE using
3% and 12% polyacrylamide gels under non-reducing conditions,
and stained with Coomassie blue G250 in 95% ethanol (50 mL).
Each solution was mixed with 85% phosphoric acid (100 mL) and
made up to 1L with distilled water. A sample (100 p.L) was mixed
with Bradford reagent (5 mL) by inversion [26]. After 20 min, the
absorbances at 470 and 595 nm was measured against the blank.
The affinity of the synthesized compounds for dopaminergic and
serotonergic receptors was assessed using a competitive MS bind-
ing assay according to the described method [27]. The membrane
suspension was incubated with 1.25nM of SCH 23390 (in the sat-
uration binding assay), and each of the synthesized compounds
(2-12 pM) was added to the competitive binding assays with
ammonium formate (50 mM) at pH 7.4 for 40 min at room tem-
perature. Non-bound SCH 23390 was quantified by HPLC (Agilent
1100) with a triple quadrupole MS (API-3200, Agilent Technolo-
gies, CA, USA) to perform SIMS. Sample (1 mL) was injected into
the LC-MS-MS with reference to a calibration curve. Data were
collected by the MS detector from the precursor ion m/z=288.1 to
the product ion m{z=91.2. The calibration curve of SCH 23390 in
the incubated solution was linear over the range of 0.25-1.25 nM.
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Control samples without test compounds were used to define the
total binding. The EDsq for each probing molecule was determined
for various inhibitor concentrations.

2.9. Molecular docking studies

The semi-empirical Austin Model 1 (AM1) approach was used
to optimize the geometry of the system. Geometrical optimiza-
tion was performed using the Polak-Ribiere algorithm based on
the conjugate gradient method. The semi-empirical convergence
to the geometry was set to 0.001 kcal mol-! during the optimiza-
tion stage. Calculations were performed using the HyperChem 8
package. The Discovery Studio 3.5 Visualizer was used to gener-
ate the van der Waals surface of the precursors and the MIP, in
which the dispersion forces played an important role. The thermo-
chemistry was then assessed to estimate the Gibbs free energies
(AG) and entropy (§). A Surflex-Dock was used for molecular dock-
ing of a given ligand to the biological system. Protein structures
were modified by removing the co-crystallized ligand and water
molecules from the X-ray crystallographic structures of the D3
receptor [PDB:3PBL chain A] and the serotonin 5HTyy, receptor and
were deposited in the Protein Data Bank [PDB entry 4IAR Hydro-
gen atoms were added and side chains were fixed. The support
vector machine (SVM) models were trained using the D; ligands
with a binding affinity K; and IC5p <1 M, and non-ligands, with
no known active compound, were collected from an online ChEM-
BLdb database that provided information on the properties of
the drugs [28]. Structural features were produced using the Tri-
pos force field and partial atomic charges and calculated by the
Gasteiger—Hiickel method [29]. We also used the SVM approach to
screen for active compounds. From the Surflex-Dock, a total score
was obtained as —log(K;) to represent the binding affinities includ-
ing hydrophobic, polar, repulsive, entropic and solvation. The crash
value was defined as the degree of inappropriate penetration by the
ligand into the protein and the interpenetration between the ligand
atoms (self-clash) that were separated by rotatable bonds. Crash
scores close to zero were the most favorable. The polar value was
the contribution from the hydrogen bonding and the salt bridge
interactions to the total score. The polar score may be useful to
exclude the docking results that made no hydrogen bonds. CHEM-
SCORE estimated that the free energy of binding (kj mol-!) of a
ligand to a protein was as follows: AGyinding = AGo + AGhbondShbond
+ A Gmetal Smetal +chiposlipo +AGrotHrot-

3. Results and discussion
3.1. Preparation of an imprinted dopamine receptor

An artificial receptor system for the D and S neurotransmitter
and combination were based on an MIP affinity phase generated
with each affinity site in the synthesized materials. The selec-
tive recognition sites of the artificial system for the chemical
structures on its surface including the chemical and dynamic prop-
erties of the template was produced against dopamine (D) and
serotonin (S) as a single and a mixed template. The key of this
approach was to use only the binding cavities that were capa-
ble of assembling around complementary interactive reactants of
functionalities as anchoring sites for the various reactants until
the formation of pairs of irreversible bonds occurred at the same
template cavity (Scheme 1). Since the molecules or therapeutics
were assembled into functional units with multiple binding sites
to close the space of the binding pocket of the proteins or the nat-
ural receptor. It was greatly influenced by the ability of the MIP to
control and vary its features to form closely spaced binding sites. By
using multiple recognition sites in a known bioactive compound, a

possible library of biologically active entities of dopamine ana-
logues could be examined. Two series of molecules derived from
the D receptor agonists and antagonists were selectively synthe-
sized to develop a set of hybrid molecules within the produced
polymer matrix. The building blocks for the production of the MIP
had generated for the neurotransmitters dopamine and serotonin
used either a single or double template approach. Removal of the
template resulted in the imprinted cavities having specific spatially
defined functional-binding groups for the rebinding of more than
one type of functionally distinct, biologically important compound
at a time. In addition to the above structural consideration, the
imprinted species possessed remarkably different structures sim-
ply by the functionalization of serotonin with an extra NH group.
Here, a mixture of methanol and water (4:1 v/v) was chosen as the
porogen solvent for thermal polymerization because both the D
and S were soluble in it. MeOH would directly affect the hydrogen
bonding interactions of the template with the monomer through
competition. However, studies on monomer—template complexes
have shown that the MIPs can reform their covalent assembly to
complement the structure of a target analyte [30]. Our strategy
included the self-organization of a single template or binary tem-
plating species with several functional groups using a functional
monomer, MAA, that can copolymerize with ACM to comple-
ment a template surrounded by crosslinked poly(MBAA)-polymer
chains. By careful selection of the reagents we thought that it
was possible to obtain an imprint of the surface features in the
polymer once the coupling product that formed inside the MIP
binding sites had been washed away, thereby yielding an imprint
of the specific desired bioactive molecule. We have assessed the
complex behavior of the imprinting effect of the binding sites
achieved for the resultant recognition materials and found that
the imprinted cavities facilitated the highly regioselective reac-
tion because of the generation of an MIP at the surface on the
structure of the particles. The imprinted cavities provided for a
cloning of the drug where the pre-arranged functional monomer,
MAA and ACM anchored the site to the ligands of the dopaminer-
gic and serotoninergic receptors and the reaction of the coupled
products into the molded cavity. However, it was necessary to eval-
uate the multiple combinations of the structures that depended
on the space and orientation of ligands inside the recognition
cavity.

3.2. Characteristics of the MIPs

The surface morphology of the imprinted polymer particles was
examined by SEM. As shown in Fig. 1, all the MIPs exhibited differ-
ent surface topographies relative to their corresponding NIP as the
imprinted polymers possessed more rough surfaces. Differences in
the polymer pore sizes between the MIPs and the corresponding
NIP could be distinguished. The MIPs were more porous than the
control NIPs and both MIPs showed the presence of small particles
with different pore structures in addition to the particle surface
that had a larger surface area of the closed nanoparticles for the
D-MIP than for the DS-MIP. There was the possibility of immobi-
lizing the templates at or near to the surface of the MIP and this
was anticipated to enhance the accessibility to the binding site.
The difference in the surface morphology of the MIPs and NIP can
be explained by the effect of the polarity of the environment on
the formation of the imprinted polymer, that the diluted polymer-
izing mixtures affected the degree of crosslinking of the polymer
matrix and the presence of the chemical surface properties that
were different from the previous report [31]. This resulted in form-
ing suitable sites from biological relevant molecules that provided
the different functional group rearrangements required to produce
synthetic polymer assemblies on the nanostructure and resulted in
the array of different receptors.
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Fig. 2. (A) Theoretical model of the interactions between the functional monomer and the D and S templates. (B) Structures and the optimized conformations of the
neurotransmitter and the reagents for the synthesis of a chlorobutyrophenone-type ligands, showing a polar surface area and the hydrogen bonding donor and the acceptor

for the amine precursors from the computation studies.

All of the polymers exhibited FT-IR peaks at 3422-3418 cm!
(OH or NH stretching vibration), 1660-1657 cm~! (C=0 stretch-
ing vibration), 1532-1528 cm~! (—NH; bending), 1454-1452 cm~!
(—CH>—CO bending), 1388 cm~! (—OH bending) and 1114cm-!
(C—C—0 stretching), and this indicated that the chemical composi-
tion of the MIPs after template removal was the same as that of the
corresponding NIP. Fig. 2A shows a theoretical model of the interac-
tions between the functional monomer and the D and S templates
in the MIPs. Table 1 shows that all the polymers exhibited com-
parable nanosized pore diameters, while the D-MIP had a higher
specific surface area of pores with larger pore diameters than the
DS-MIP. The pores in the D-MIPs were comparable to those in the
control polymer. The hydroxyl groups of D should increase the sol-
vation of the MIP in aqueous methanol, so unlike S, it acted as an
imprinting agent and a porogen. As a result, the D-MIP had a pore
size that was twice that of the DS-MIP and the BET surface area. The

results of the surface morphology and pore analysis demonstrated
that the MIP, particularly the D-MIP had a mesoporous structure
with a uniform pore diameter and a high specific surface area that
was suitable for the reaction of the synthesized compounds in the
pore structures. The results obtained in this study indicated that the

Table 1
Pore size analysis of polymers in diameter, volume and BET surface area.

Polymer Pore Average pore BET surface
diameter (nm) volume (mlg-1) area (m?g1)
D-MIP 154 2.6(0.035) 672.7 (94.2)
NIP 1 153 2.35(0.011) 513(31.39)
DS-MIP 126 1(0.002) 316(8.8)
NIP 2 13.2 2.33 (0.005) 702(132)

Values of corresponding micropores are given in parenthesis.
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Table 2
Diffusion coefficient (D;) of the dopamine template in polymer matrices and molecular radius (Ry ) of polymer particles at various porogenic solvents and temperatures.
Compound MeOH-water MeOH Water
303K 308K 303K 308K 303K 308K
Dy =107 Ru Dy =107 Ru Dy« 107 Ru Dy = 107 Ru Dy <107 Ru Dy < 1073 Ru
(pm?s1)  (wm)  (pm?s!) (pm)  (pmis) (pm)  (pm?s) (pm) (pm?st!) (pm)  (pm?s!) (um)
NIP 3.3 9.65 3.25 9.84 4.5 7.04 3.55 9.15 333 9.60 2.56 12.66
NIP +50 uM dopamine  2.85 11.2 243 1312 3.64 8.77 5.48 5.93 3.0 8.53 3.81 10.64
MIP 3.16 1012 215 12.85 3.92 8.16 3.66 8.88 3493 813 335 9.70
MIP +50 pM dopamine  4.63 6.9 2.95 10.8 ENA] 8.62 3.88 8.37 3.96 B8.07 319 10.19

generation of the MIP by the two template approach distinguished
the distribution of the D and the S binding sites from the D binding
sites obtained by the single template approach.

We next examined the ability of the MIP to control the mor-
phology of the porous nanostructures by determining the effect
of an environmental stimulus such as temperature, solvent, and
pH on the D; and Ry, (Table 2). The NIP and MIP were incubated
with 50 pM of D at 303 and 308 K in methanol:water (4:1) and this
was used as a porogenic solvent during the imprinting process. The
changes in the D; and Ry, were greater for the MIPs and the control
polymer incubated with D (50 pM) at a higher temperature and in
all solvents except for methanol, that showed only a small change
of Ry, with an increase of temperature. The increase in the Ry, for
both the NIP and the MIP was attributed to their porous surface,
pore plasticity and the accessible sites in the MIP because of their
interconnected porous space. Thus the Ry, of the MIPs manifested
their recognition ability for the template, that was dependent on
the environmental conditions. With the molecular imprinting poly-
mer, specific analyte sites can be attributed to the structure and
density of the accessible ligand for rebinding of the template to an
imprinted dopamine receptor for both the synthesized materials.

Furthermore, the D-MIP polymerizations were investigated
based on template-monomer prescreening by NMR spectroscopy
in deuterated water and methanol that possessed intermolecu-
lar interactions with D compared to the dopamine alone (see
Supplement 1). The vinyl peak of the monomers at 5.9 ppm was
used to monitor the polymerization of the monomeric mixtures
without the template. The D template had an L-configuration and
showed peaks at 2.80 and 3.08-3.11 ppm that corresponded to its
methylene protons. Accordingly, the complex was formed using
the MAA-ACM-MIP provided that the anisotropic effect showed a
slight down-field shift of 0.1 ppm for the aromatic template pro-
tons between 6.58 and 6.74 ppm after the polymerization process.
This was a more significant shift than the shift of the vinyl peak.
This can be explained by the crosslinked polymeric network of the
imprinted polymer creating a binding site that controlled the con-
formation of the aromatic residue by a hydrogen donor-acceptor
interaction. However, the imprinted image of the D structure and
conformation in the original templated cavities occurred using the
remaining dopamine HCl as the template. The '"H NMR results
showed that the functional monomers and crosslinking agent that
were incorporated into the synthesized polymers possessed the
carboxylate on the MAA and the amide of the ACM that became a
functional monomer showing the most favorable interaction with
the dopamine as template. There were also the underlying molecu-
lar recognition mechanisms of the MIP that was dependent on the
spatial reorganization and the dynamic forces of the polymer that
contributed to the template rebinding to engage the receptors at
different binding sites.

3.3. Evaluation of the additional potential hits of the D-MIP

This approach was to use the multiple recognition sites in
a known bioactive compound to identify a possible library of

biologically active entities of dopamine analogues. Dopamine is
known to polymerize in aqueous solutions to form melanins and
other similar biopolymers [32,33]. Obviously, the ability of the MIP
forselective recognition could be expanded by the method to derive
reactions that were more favorable interactions in the nanosized
environment and may allow for assembling around a complemen-
tary interactive target within the spatial well-defined site of the
designed MIP serves as a nanoreactor. In the preliminary study,
we examined the molecular recognition of the MIP by studying the
reaction of the D in the presence of AIBN that consisted of the adapt-
able crosslinked MBAA-polymer using fluorescence spectroscopy
followed by HPLC analysis. When the dopamine solution with the
polymer mixtures was injected into the HPLC column through
cycling the reaction process, then the chromatogram obtained with
the D solution in the presence of AIBN for 24 h differed from those
for the standard D solutions with and without the initiator (see
Supplement 2). This can be accounted for by recognition of the
imprinted polymer since the reaction of the aromatic condensa-
tion of dopamine within an imprinted polymer matrix was most
likely formed after the polymerization. This was in contrast to the
chromatogram for the NIP that contained no extra peaks. This for-
mation of aromatic condensation in the cavity surrounded by the
poly(acrylamide)-based crosslinks was investigated by FT-IR spec-
troscopy in the presence and absence of free radicals (AIBN). FT-IR
studies revealed peaks at 1650 and 1508 cm~! for the dopamine in
the presence of free radicles, to support the presence of the indole
and indoleamine structures (Supplement 3). The carbonyl peaks
of dopamine in the presence of the free radical initiator were also
discernible at 1660-1750cm~".

The distinct product signal with a molecular weight and reten-
tion time was determined by chromatographic analyses and
fluorescence spectroscopy, and this increased the interactions
with the dynamic MIP, that the irreversible bond-forming reac-
tion should install inside the cavity. The chemical species present
for the D template and the formed D-MIP were detected in the
LC-MS spectra, peaks were observed at m/z 413, 551 and 687 for
the respective products in the in situ reaction mixture of the D-
MIP, and these peaks were absent from the corresponding NIP.
Molecular mechanics and the free energy of the adsorbed D on
the MIPs were calculated (Table 3). The energies of the D, dimers
and trimers were calculated in vacuo and in the presence of water.
It was of interest that the compounds had the newly formed D
dimer and trimer products. The estimated binding energies for the
dimers and trimers allowed for a w-stacking interaction between
the D molecules, producing species with a different molecular
mass [34]. This result indicated the possibility for the formation of
the oxidation and cyclization via radical induced pathways within
the MIP. These results revealed that the dispersive interactions
between the aromatic groups spaced at a van der Waals distance
played a crucial role in the shape of the chemical structure for the
polymer due to the intrinsic relationship between the template
concentration within the selective cavities upon templating and
the polymerization processes. This interaction may involve the car-
boxylic oxygen atoms of the MAA and the amide groups of the ACM
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Table 3
Energy minimization and geometry optimization of the structures of dopamine designed using Hyperchem software.
Molecules Geometry optimization energy (kcal mol-1) Molecular dynamicsenergy (kcal mol-1) AG (kcal mol-1)
Vacuum Water Vacuum Water Vacuum Water
Dopamine 6.606 23.017 35.65 —543.7 - -
Dimer 3435 65.35 71.52 —498.95 91.32 02
Trimer 63.95 109.44 3885 -1673 40 -37

arranged at the active site of the MIP that was encapsulated to cre-
ate a specific site within the imprinted cavities. Molecular dynamic
calculations of the two D molecules showed that the energy trans-
fer for the rotation of the larger interacting systems was better
stabilized than for the monomers. Therefore, the conformational
alteration and molecular dynamics of this site was formed around
all the structural-processes of the intact MIP-drug assemblies
achieved by the original template species present as a dopamine
target.

3.4. Displacement assay

A method for extraction of the compounds that mimic the tar-
get D and S structures has been investigated by rebinding into the
synthesized material of an imprinted dopamine receptor. Many
drugs use biomimetic binding strategies to bind competitively to
receptor proteins to repress the effects of regulatory molecules. A
small molecule is able to attenuate or prevent the dissociation of D
from a dopaminergic neuron that can bind to a specific location of
the dopaminergic subtype receptors that produced a neuroprotec-
tive effect with leaching of the cytoplasmic dopamine or prevent
the neurodegeneration in the CNS [35,36]. In this case, the use of
an MIP composition of a more hydrophilic acrylamide-based poly-
mer is that the selectively has a different array of the D-MIP that
can exert control of their binding affinity in the dielectric environ-
ment, given a role as a well-studied synthetic model to elucidate
the structural activity relationships of the specific absorption either
as a single or an analyte mixture at room temperature (25+1°C).
Fig. 3 shows the displacement assay data of the D-MIP by using a
large number of dopamine related compounds with structural dif-
ferences when analysed by liquid mass spectrometry with D as a
molecular probe. Ergots used in this study acted as a dopaminer-
gic receptor agonist in the human brain, except for clozapine that
was a potent antagonist of a dopaminergic receptor, by which the
measurement of the free analyte in solution indicated the ability to
replace their biological counterparts in the artificial polymer mim-
ics. This was because one of the dopaminergic drugs represented
a range of three-dimensional shapes from a favorable functional
group on diverse aromatic rings that changed its structure in the
environment and became reversible bound to be specifically ori-
ented to the functional binding groups in the imprinted cavity.
The MIP showed the highest affinity with a 100% binding of the
dopamine so that the binding mimics selectively recognized the
specific structural features for the template. The neuroactive drug
of interest bound more favorably to MIP binding site, but was
restricted in binding the motif of the analogues that were larger
than the D template to the D-MIP. This can be interpreted in that if
the specific analytical site of the D template saturated the MIP bind-
ing sites, hence they could not allow the other related molecule to
the accessible sites. However the conformation change and rotation
of the dopamine reduced the preorganization of the template-MIP
complexation. For studying the recognition properties of the chi-
rality in the synthesized material (—)-terguride was chosen to
test for the specific selectivity of the MIP. There were slight dif-
ferences in the ratio of the binding capacity (nmol/mL) of the
separately loaded structural analogues and the ergots of interest,
obtained with the MIP to the NIP, except that ergonovine produced

a three-fold difference of the free drug in solution between the
MIP and the NIP with the bound drug (Fig. 3a). In comparison to
the cross-reactivity, that was obtained from the adsorption value
of the MIP for the related compound relative to D that was found
to be in the order of: clozapine (for dopamine antagonist)>({—)-
terguride > pergolide > alpha-ergocriptine > ergonovine from the
elution of a single compound (see Fig. 3b). This result indicated that
the polymer imprint bound to different binding motifs with some
degree of size discrimination to the analogs but there was a restric-
tion of the more spatially demanding-type analytes. The selectivity
of (—)-terguride for the D-MIP resulted from the presence of the
shaping of the secondary binding site around the template-MIP
interaction to create an effective imprinted dopamine receptor
mimic in the surrounded crosslinked architecture. Due to the
ability to attain selectivity of the MIP binding site and it was
reversible throughout the imprinting approach, and resulted in
the structure-activity relationships with a wide range of psychoac-
tive drugs that must be relevant to the biologically active entities.
In order to establish the effect of the receptor mimic when the
mixtures of dopamine and analogues were loaded onto MIP, in
Fig. 3¢, the extraction showed a D-MIP selective recognition, and
a reversible rebinding to the template site. The highest selectivity
of clozapine on the MIP among the other structurally closed com-
pounds (see Fig. 3c), could be explained by the favorable analytes
occupying the cavity, to form an intimate contact in the spatially
well-defined environments, that minimized the steric effect of the
remaining function on a selective analyte molecule. The different
specificities for the analogues were found in the order of: cloza-
pine > ergocriptine > pergolide > ergonovine > terguride. Although
the binding of the substrates was lower, they still bound with a high
selectivity to ergonovine compared to their binding to the NIP, and
it was substantially greater than the highly potent dopamine ago-
nist, (—)-terguride. Therefore, the partial selectivity was reflected
with multiple conformations of the tested compounds that mim-
icked the bioactive template molecule on the adaptive binding sites.
The D binding site mimics with a variety of psychoactive drugs
as they contribute to the high selectivity that was present in an
adjustable functional site “lock” for binding the molecules with a
good fit to different “keys”. The results indicated that it was possi-
ble to obtain a highly tailored cavity with a broad selectivity range
for a larger, bulkier related dopamine as compared to the tem-
plate, for which dopamine acts as a neurotransmitter, biomolecule,
as well as a pharmaceutical agent in the dopaminergic nervous
system.

Next, the relative intensity of the fluorescence of D present on
the D-MIP was observed to be markedly influenced by the solvents,
using rebound D (50 M) as a fluorophore as shown in Supplement
4. The value of the imprinting factor, IF, was determined from the
intensity of the fluorescence of D on the MIP compared with D on
the NIP. The IF of the D-MIP and DS-MIP in methanol was 2.7 and
2.3 times, respectively, and this was greater than that in either an
aqueous methanol mixture or water (IF~ 1.0); this is because the
fluorescence of D was extremely sensitive to the dielectric envi-
ronment. This phenomenon of the enhancement of fluorescence
reflected the strong imprinting efficacy of the MIP for the dopamine
template in methanol and the specificity of the template for the
imprinted cavity.
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Fig. 3. Data for the LC-MS-based ligand-binding assay for the detection of a free or bound drug on a dopamine MIP and its corresponding NIP from the displacement of an
unlabeled dopamine: (a) affinity; (b) efficacy and (c) specificity from either a single or a mixture of the analytes.

Further, the maximum binding capacity {Bmax) of the polymers
was investigated by measurements of the unbound D fluorescence
at varying temperatures. The Byayx of the D-MIP (1.2-1.6 M per g
polymer) at 301 K was higher than that of the DS-MIP (0.8-1.0M
per g polymer). At 313 K, the Bmyax of the DS-MIP (1.0 M per g poly-
mer) was about twice that for the D-MIP. The results indicated that
applying the same dopaminergic drug to both MIPs might have dif-
ferent effects. In contrast, the Bmax of the NIPs (1.4-1.6M per g
polymer) did not change with increasing temperature. Over the

temperature range of 301-313 K, the binding capacity of the DS-
MIP exposed to the D did not change as a function of temperature,
while that of the D-MIP increased in its affinity by about three fold
with increasing temperature. This was indicated by a decrease of
the measured fluorescence, and indicated that the D binding sites
in both the MIPs had different conditioned responses. The binding
affinity of D exhibited a marked dependence on temperature, but
the increase in hydrophobic (non-specific) binding to the NIP was
slightly greater than that to the MIP. The recognition properties and
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selectivity as a function of temperature may have originated from
a change in the affinity of the dynamic binding and a change of the
binding capacity.

3.5. Analyzing the interactions in the chemically reactive
dopamine imprinted receptor

The abovementioned features make the neurotransmitter-
imprinted cavities for both MIPs promising for assembly of selected
components in the cavities. The rational strategy for this syn-
thesis employed various template analogues (1-6) that were
occupied within the binding pocket through the reactants in the
chlorobutyrophenone surrounded by the polymeric crosslinked
networks. Reacting 1-chloro-(4'-fluorobutyrophenone) with a
range of amine moieties from the neurotransmitter of interest
(see structure of these compounds in Fig. 4a, panel A) under
alkylation reaction conditions. The MIPs provided a convenient
covalent bond formation in the MIP (see the spectroscopic data
and MS for the synthesized products in Supplement 5). Nucleo-
philic substitution of tyramine (1) to give 1a by replacing a
chlorine atom with an amine group was achieved using DS-MIP
(6.97+2.16 umolg~') and D-MIP (3.98 £ 0.51 pemol g~ 1), that was
four times and twice as high, respectively, than that obtained for
the NIP (1.85 +0.27 pmol g-!). These observations indicated that
the chemically reactive dopamine imprinted receptor that was
achieved by the dual imprinting approach had produced mainly
1a, and this allowed for identification of the conformations that
was associated with this effect of enhancement of the reactiv-
ity over the MIP by a single template approach. Moreover, the
longer phenyl side chains in phenylethylamine (2) formed 2a in
comparison to 1 that formed 1a, which was displaced only at
the chlorine atom (~4.5+1.2molg-!), in the presence of all
of the polymers. However, the amine group of the shorter side
chain in benzylamine (3) formed a product by displacing both
the halogen atoms in both the D-MIP and the DS-MIP, yielding
3.76+1.37 and 4.65+0.93 pmol g-! of 3a, respectively, while no
product was formed using the NIP. The amino group of the amine
reactant indeed resulted in a higher yield of the coupling prod-
uct than the corresponding reaction in solution, and the DS-MIP
was much better than the D-MIP, although the former imprinted
cavity helped the regioselective formation in the synthesis of
the newly formed chlorobutyrophenone-type ligand. In contrast
4 did not react because of the bulky methyl ester group that
could associate within both the D-MIP and the DS-MIP. For the
alkyl halides, there was generally a partial positive charge on
the carbon atom and a partial negative charge on the halogen
atom. Alkyl chlorides are also more reactive than the aryl fluo-
rides toward nucleophilic substitution. Thus, a nucleophilic attack
on the electron-deficient carbon and displaced the halide ion to
form the products inside the cavity. However, steric hindrance
affected the selectivity and the binding affinities of the reactants
where the imprinted cavity combined with selected complemen-
tary reactants to synthesize the dopamine analogs. The amine
nitrogen atom of 4 was the weakest nucleophilic agent of those
investigated. It was of interest, that the absence of the product
of the nucleophilic reaction of the ester analog of phenylethy-
lamine (4) either in the mold or at a non-specific site, indicated
the disturbance of a bulky group in the solvent to the chemi-
cal reaction within the binding sites. It appears likely that the
close proximity of the residues to the functionalities in the MIP
binding sites that were an in situ best fit and may stabilize the
newly formed chlorobutyrophenone-type ligands in the complex
and added to the reversible rebinding. This also evolved the coun-
terparts held together into the pairs of the alkylation products.
These observations indicated that the most basic reagent was
the most reactive nucleophile, and the specific orientation of the

reactant molecules depended on the functionalities of the
imprinted sites.

Despite the differences in the structure between D and S, they
both possess a 1,2-diol structure on an aromatic ring. The amine
compounds do not, but can enter the imprinted site and then react.
This method enables the self-assembly of molecules that are com-
plementary in shape and size to the chemical functionalities and
the geometry of the imprinted cavities. Here, 1 was the most reac-
tive nucleophile, and 2 was more nucleophilic than 3. However,
the polar surface area and hydrogen-bonding donor and acceptor
sites of the amine precursors in the alkylation reaction of 1 were
similar to those of the other reactants except for 4. The position of
the nitrogen structure in 5 may allow it to form a hydrogen bond
within the cavity to promote formation of the coupled product.
These in-cavity reactions indicated that 1 was a good precursor
for the mold reaction. Nucleophilic substitution of 5 in DS-MIP
(11.75+3.31 pmolg-) gave much more of the coupling prod-
uct than the D-MIP (8.15+1.43 pumol g~ 1), but produced a slightly
higher yield than that in the NIP {10.03 + 0.61 pmolg~1).

3.5.1. Molecular modeling

In this section, we examined the interaction of various amines
with the functionalities of the binding sites in the MIPs. Molecular
modeling showed the conformation of all the amine reagents that
were readily bound to the binding sites in the MIPs (see Fig. 2B).
The space factor occupied by the volume and the binding of the
template analogue structures was defined to examine the loca-
tion selected for each binding site. This information can be used
to determine the optimum level of each variable in the immobi-
lized chlorobutyrophenone derivatives in the MIPs. The amount of
the chlorobutyrophenone product was closely related to the vol-
ume of the amine and the Gibbs free energy of binding in the MIP.
Fig. 4a (panel B) depicts an area of the response surface that was
generated by the binding score (K;) for the molecular volume of
each amine and the free energy of binding to the MIP. The flat pro-
file indicated that there was little or no interaction between these
two parameters. The steric reagent appeared to form less than the
small molecules for all the four amines because of the possibility of
adsorption, so it could be confined in the cavity more easily; 3 can
enter the cavity and react, 1,2 and 5 can react on a non-specific sur-
face and within the MIP cavity, except that compound 5 afforded
a very low yield. However, the steric amine 4 as the target ana-
lyte cannot enter the cavity to afford the coupling product. K; is
lowest with a larger volume, particularly for the larger and bulkier
compound 5 as compared to the phenyl ethyl ester compound 4.
Qur results indicated that the active center of the receptor mim-
ics and substantially changes the aromatic connectivity, and plays
an important role in the substitution of the aromatic compounds.
Consequently, barriers to rotation of the probe of the aryl ring in
the reaction depended on the spatial orientation and geometry of
the surrounding MIP, which lead to their complementary of the
reactant retained at the region of the nucleophilic reaction.

Fig. 4a (panel C) shows the K; response model for pK,, which
indicated that the structure similarities of the dopamine analogues,
and confirmed that small changes in the pK; would have little effect
on the reaction. For any one particular experimental condition, the
geometrical center of the utilized space factor depended on the
response of the K; of the nitrogen amines. It was a surprise that, all
the hit compounds had the newly formed amine moieties separated
by the aromatic ring. Other compounds having the same spatial
and a similar volume between the tyramine and phenylethylamine
molecule fragments, but a different location of a different steric
requirement because of the introducing of the N-methyl ester of
phenylethylamine, when there was an absence of covalent inter-
action, but was easy to produce similar template assemblies. For
the most reactive nucleophile, the highest yield of product 5 was
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aA) Structure of the chlorobutyrophenone and the amine-associated receptors used in this study. (aB) Response surface data for the K; of the neurotransmitters at dif-

ferent volumes, and (aC) The pK; value and free energy after modifications for the chlorobutyrophenone-type ligand. (b) Illustrations of the preparation of hydrazinoclozapine
derivatives by nucleophilic substitution in the imprinted cavities, and the structure of the clozapine derivatives used in this study.

formed in the imprinted cavities. They were capable of construc-
ting hydrogen bonds, that provided for an electrostatic interaction
of molecules but with a different steric requirement. Qur results
indicated that the newly formed chemicals improved the produc-
tion. This was attributed to the nanosized pore geometries that
possessed the steric requirements of the reagent that occupied the
cavity. Hence, the rate of any particular reactions was increased,

and the MIP acted as a protective agent for the selective modifica-
tion with only minor side products.

3.5.2. Evaluation of the selectivity pattern of the dopamine
receptor mimics

The reactions here must be reversible and the nucleophilic reac-
tion of haloalkanes to install the ct-carbonyl group in or close to the
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Fig. 5. Comparison of the absorbance between the MIP and the NIP control polymer toward the detection of the neurotransmitters after the modification for the
chlorobutyrophenone-type ligands, left panel, Top: MIP; Bottom: the receptor in the membrane from the rat hypothalamus. * Mixture of free substrates. Inset (right panel):
Light microscope micrographs of the pellets of receptors from the rat hypothalamus in various media upon their isolation.

binding group that has the selectivity of the optical isomer of the
template. Addition of the DS-MIP to the reactions between clozap-
ine hydrazide and ortho- and meta-monomethoxybenzoyl chloride
reagents in the DMF produced a higher yield of the coupling prod-
ucts compared with those obtained by adding it to the NIP (see
Fig.4b). For the clozapine derivatives, the ortho- and meta-methoxy
substituted aromatics of the shorter acid chlorides reacted with
hydrazine in the cavity of the MIP to afford the coupling products 7
formed 7b and 8 gave 8b. Their presence in the MIP particles could
be detected by using 'H NMR. However there was no reaction of
the meta- or para-chloro or para-methoxy substituted aromatics
or unsubstituted aromatic with the hydrazine to obtain the free
acid chlorides in both of the MIPs. Our approach involved the spe-
cific spatial sites for interactions within the matrix because of the
steric constraints within the structure toward the target/analyte
within the template pattern. The chloro and methoxy groups of
10 and 12 were too far from the amine moiety of the clozapine
hydrazine to fit into the nearest hydrophobic binding site, that did
not favor nucleophilic substitution with the hydrazine derivatives.
It was of interest, that the reaction occurred within the imprinted
cavities and then the product was adsorbed onto the cavity binding
sites, because free hydrazine was not observed in the MIP parti-
cles when we used other substrates. This striking result indicated
that the specificity of the receptor was associated with the S bind-
ing site, which mimicked the switchable residues, and provided a
lower dopamine affinity but substantially improved the affinity to
the natural serotonin receptor. In comparison, the NIP prepared in
the absence of the template did not allow for the control of the
orientations of the precursors. Therefore, the MIP showed a high
specificity for the synthesis of D-related compounds because of the
geometry of its cavity.

However, the MIP could not immobilize some chloro- (or p-
methoxy) substituted benzoyl chloride reagents and clozapine
hydrazide in a specific orientation. The acid halides reacted with
the carbonyl groups of the meta- and ortho-substituted analogs of
clozapine. In this case, the amide moieties of the clozapine deriva-
tives may be located too deeply within the D imprint, so that
alkylation was hindered but the reaction with the acid chloride was
still possible. Sasikumara and coworkers [37] produced acylated
hydrazinoclozapine, but it was very sensitive and not stable, using
acid chlorides with yields of 60-80%. In this manner, the aromatic
rings of hydrazinoclozapine reacted in the DCM modifying chemi-
cal environment of the reagents in a way that we can detect reaction
products. The methyl ether derivatives of clozapine were oriented
in two different ways; one inside and the second outside the MIP
cavity. The meta-methyl ether substituent could bind at different
positions inside the cavity. The complex with an ortho-methyl ether
substituent on the aromatic ring has a restrained structure with an
exo arrangement of the aryl substituent.

3.6. The screening of proteins in the hypothalamus

‘We investigated the specificity of the D analogs to the brain
receptors for the neurotransmitter dopamine and for comparison
to structurally related compounds that had been incubated with the
MIPs to those receptors from the isolated rat hypothalamus, which
may yield a potential hit by significant differences between the
absorbance of MIPs and biological receptor. However, the mixture
of free substrates [(1-chloro-(4'-fluorobutyrophenone) and amine]
interfered with the immunoassay reagent, thus we performed mea-
surements of the absorbance at 595 nm for all the test compounds,
due to protection of the receptor binding sites. Fig. 5(left), bottom
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panel, shows 1 and 5 products using both MIPs that exhibited the
similar absorbance when incubated with the protein. Because the
products of tyramine (1) and sertraline (5) had different chemical
structures, this resulted in almost complete selectivity for the syn-
isomer by both the imprinted polymers. Evidently, the products
using the D-MIP for amine 1 and amine 2 using DS-MIP had a simi-
lar effect on the protein receptor. These results demonstrated that
the imprinted cavities facilitated the induced function as an effec-
tive nanoreactor and led to the regioselective formation that was
more similar to the D template due to having closely spaced binding
sites in the polymer matrix. The chlorobutyrophenone derivative of
clinical significance was the highly potent haloperidol. When the
haloperidol (control) was incubated with the receptor protein it
turned out to have a positive absorbance. Likewise, a validation
assay using the control experiments was carried out using the
chlorobutyrophenone reagent, that reacted with amine 4a under
the same procedure of synthesis and made it possible for a compar-
ison of the absorbance between the MIP and the natural receptor
isolated under the conditions described in the Experimental sec-
tion, despite the differences of binding receptor features of the
hypothalamus isolated in various media, as shown in Fig. 5 (insert,
right hand side) can affect to the binding affinity of the test com-
pound. The receptor that was exposed into the transmembrane of
the lipid bilayer with various buffer and salts, possessed the struc-
tural features with an orientation that was essentially important
for the specific functions of the receptor to a biological candidate.
It was intriguing that the product of the amine 3 and 5 had a differ-
ent effect, from either of the two MIPs. Also a higher absorbance and
phenomena was demonstrated in an opposite way to the natural
receptor, to indicate that they had the possibility of an interaction
for the protein. Especially, it was clearly observed that the prod-
ucts of 2 and 3 that had a negative absorbance for their binding
on the polymer with respect to the corresponding NIP (Fig. 5, top
panel) was stronger than on the protein surface of the brain recep-
tor (Fig. 5, bottom panel) compared to the relative absorbance on
the natural receptor that was opposite to that for either of the MIPs.
The receptor-ligand interactions were examined and the difference
in the absorbance was the largest for the benzylamine fragment
compared with those for the receptors in the rat hypothalamus.
This indicated that an additional potent hit was obvious and most
effective.

3.7. Molecular docking of the dopamine and serotonin receptors

In this study, we produced a model crystal structure of the
dopaminergic and serotoninergic receptors that showed substan-
tial differences in the extracellular electrostatic surfaces and that
could affect the binding of ligands. Fig. 6 shows the lowest energy
conformations of the newly formed compound from the mold reac-
tion in the MIP materials for both the 3PBL of D3R structures and
the 41AR of 5HTy, described in the experiment. Compound 3a with
two benzyl amine groups exhibited a folded short chain for the
butyrophenone moiety with two hydrogen bonds for the bind-
ing site of the natural dopaminergic receptor. The NH group of 3a
formed another hydrogen bond with an oxygen atom on the ben-
zene ring of TYR373 (2.05A) and there was a unique interaction
of NH(ILE183)—0=C (2.03 A) in the lowest-energy structure. The
aryl substituent on the butyrophenone at the dopaminergic binding
site enhanced the binding energy between the benzylamine enti-
ties, and resulted in interactions with a large surface area contact.
This could be interpreted as a consequence of the two benzylamine
groups, and revealed the importance of the butyrophenone deriva-
tives. The contact interaction of 41AR with 3a contained a hydrogen
bond with ASP352 (1.78 A) that should be of much importance to
the receptor specific activities. However the biological activity was
determined by the higher K. and the more favorable free energy at

the binding site in the MIP. The accessible surface area was crucial
for the rebinding of the initial template, especially for the extent
of the energetic dominance for the MIPs. The spatial defined dis-
tances between the groups play important roles in the binding of
the D receptors to proteins.

Fig. 7aillustrates the overlay of the synthesized compounds and
contact interactions of the two types of D-related compounds with
the 3PBL chain Aofthe D5 receptor [PDB:3PBL chain A] and the 4IAR
of the 5HTy, receptor [PDB:4IAR], respectively. In most cases, the
minimum energy conformations can be used to explain the struc-
ture of the receptor assemblies, that influence the distances and
even the orientation of a complex inside the cavity. For the D3 com-
plexes, the higher affinity of the syn regioisomer of the aromatic
residue induced a change in the conformation of 5a that enhanced
the interaction of the aromatic 7-7r association at the peripheral
site. In the case of 1a, a change in conformation occurred but with
a lower affinity. The chlorobutyrophenone derivatives had Surflex-
Dock scores or a pKg4 >5.94 for both the D3 and serotonin 5HTqp
receptors. Also, the oxygen atom of the carbonyl group of 1a and
2a markedly formed an interaction via hydrogen bonds with the
amide group of ILE183 (2.03 and 1.85 A, respectively). However, 5a
and 7b did not form hydrogen bonds with ILE183. In addition, the o-
methyl ether derivatives of clozapine (7b and 8b) were bound to the
D3 receptor. Compound 1a and 2a bound more tightly to the 3PBL
than to 41AR. Conversely, the 5a, 7b and 8b bound most strongly to
the 4IAR with the side chains in the binding pocket. 3a formed a
hydrogen bond with the ASP352 of 41AR (1.78 A). The NH group of
1a contained a fluoro-aromatic group in the same way as that in
the 5a that exhibited hydrogen-bonding interactions with CYS199
(2.07 A) and the phenol group formed two bonds, one with ASP352
(2.75A) and the other with the NH; of the amide group of GLN41
(2.05A). A hydrogen bond formed between the hydrogen atom of
the amine group of 2a and the oxygen atom of the hydroxyl group of
THR134(2.19 A). Concerning the ChemScore values, the free energy
of binding of 3PBL and 4IAR with 2a was less than the free energy
of binding with 3a for both the 3PBL and 4IAR. The interaction of
the 3PBL chain A of the D5 receptor to the most active compound
3a as well as the binding to 4IAR of the 5HTy, receptor [PDB:4IAR]
is shown in Fig. 7h.

This approach has highlighted the intermolecular hydrogen
bond interactions of the template and complexation in the MIP,
to the significant role leading to reversible assemblies of template
and adsorption of the favourable reagent. Collectively, the prepara-
tion of the dopamine imprinted polymers and the possible binding
site of the D-MIP after the polymerization process in this study
was summarized in Fig. 8. As can be seen, the monomers were
aligned around the templates in the polymerized mixture prior
to the polymerization that was obtained from the spectroscopic
data and a computational method. Also, the fine-tuning affinity
can be accounted for by the hydrophobic effect with the indole
and indoleamine moieties, forming accessary binding sites for the
D mimics that should precisely assess the action of the artificial
receptors. The selectivity patterns of the binary template approach
for a dopamine imprinted receptor that, succeed in conversion of
the covalent bonds with effective immobilization suggesting the
presence of both of the two ring systems (D and S) that most
likely provide a complex combination of building blocks because
typically four rings or more can be located inside the imprinted
cavities. We anticipated that the difference of selectivity achieved
from both the D mimics was caused by the condition of synthesis
during the synthetic procedures, and was attributed to the opti-
mization of the geometrical fit with a favorable molecule on the
prepared D and S molecularly imprinted receptor. However, when
each of the remaining compounds were bound to the D or S recep-
tors, from the complementary reagents that were related to the
surface chemistry and positions of the functionalities in the MIP
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3PBL chain A

Fig. 6. The differential contact interaction of the neurotransmitters toward the chlorobutyrophenone derivatives 1a, 2a, 3a and 5a with, (A) the subunit interface of the Dy
receptor binding protein with a common binding surface and (B) the 5-HT;, binding protein with a common binding surface. Hydrogen bonds are displayed as green dashed

lines between the donor and acceptor atoms.

binding site that was in close proximity to the multiple active sites
but avoided the non-active center of the D imprint cavity by forming
an irreversible connection bond. Consequently, the co-templating
species can optimize the binding site for the synthesized organic
compounds as the ability of the MIPs provided for the optimization
of the spatial specific organization.

Docking studies yielded ChemScore values for the D3 recep-
tor complexes based on the set of known selective antagonists
including aripiprazole, clozapine, fluphenazine, haloperidol, olan-
zapine, risperidone, spiperone, (S)-(—)-raclopride tartrate salt and
also the agonists of 5HTy}, (R)-(+)-5CH-23390 HCl and bromocrip-
tine. Fig. 7c shows the free energy of binding determined from
the ChemScore values. A clear energetic preference was calculated
for the affinity of the biologically relevant compounds and known
drugs, which exhibited energies from —21.82 to —45.89 k] mol-'.1a
and 2a bound more tightly to 3PBL than to 4IAR. However, the aryl
substituents on the aromatic compounds 5a, 7b and 8b had differ-
ent structures, i.e., a long chain hydrocarbon and a planar structure

that were not observed in the hydrogen-bonding interactions at
the D or S binding sites of the receptor with the strongest binding
in the 41AR. Furthermore, the two separated benzylamine groups
on the structure of 3a resulted in specific intermolecular interac-
tions in addition to van der Waals interactions. This resulted in an
aligned structure for a greater area than that found for the com-
parable interactions with a single molecule of neurotransmitter of
interest. Pharmacophore models were constructed and the docking
of the six compounds obtained in this study and the eight marketed
D antagonists and the serotonin agonists that showed high docking
scores were determined. The results demonstrated a good bind-
ing capacity with the dopaminergic receptors for 1a, 2a, 3a and 5a,
with a good correlation to the D antagonists clozapine, risperidone,
fluphenazene and spiperone (R2=0.7728). For 1a, 5a, 8b and cloza-
pine they showed a good correlation with clozapine, fluphenazene,
haloperidol, and (R)-(+)-SCH-23390 (R2=0.9971) in reproducing
the experimentally observed binding for a serotoninergic receptor.
Assessing these observations, the dopaminergic receptor readily
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binds to 7a and 5a, and supported the notion that there was an
enhanced potency to the serotonin receptors. Consequently, the
docking results can explain the pharmacological effects of the syn-
thesized organic compounds produced at the recognition sites in
the MIPs.

3.8. The proposed model of the ligand-binding selective D3
receptor

The structure of the D analogs was crucial for the efficacy of the
response of the D receptors. The carbonyl group is not just involved
to the most tightly bound of these stabilized product interactions in
that location inserted between the PHE-345 and the SER-192 near
to the gorge rim, as shown in Fig. 9a. The MIP cavities controlled the

3PBL (Chain A)

shape and size of the products, that yielded active regions because
of the template that was used to form the MIPs. All the chlorobuty-
rophenone derivatives docked into the active site of a D receptor.
The pharmacophore model and the mapping of the butyrophenone
derivatives 1a and 2a are presented in Fig. 9b. The results indicated
the presence of multiple sites of interaction within the MIP binding
sites that included the newly formed chlorobutyrophenone-ligand
types due to optimization of the geometry fit between the binding
group and the target analyte. A common pharmacophore model
was proposed: the distance between a hydrogen bond acceptor
and the N-location was 6.09 A, and the distance between a hydro-
gen bond acceptor and the aromatic region to the N-location was
3.7-6.6 A. This new pharmacophore model will be used to design
compounds of this class in the future.

348

hasp3s2

_ L[ TRP3

R % A= THR3S5
TRP1250 ) .-

ER334

Fig.7. (a) Schematic diagram of the interactions of Tyr373, Phe345, Ser182 and 1le183 of the complementary subunit in addition to those noted in the principal subunit for,
Top: the D3 receptor; Below: CY5199, ASP352 and GLN41 of the 5HTy, serotonin receptor for the chlrorobutyrophenone-type ligands (left) and clozapine derivatives (right).
(b lllustration of the specific binding interactions of 3a in the D; receptor and the 5-HTy;, serotonin receptor. Hydrogen bonds are displayed as green dashed lines between
the donor and the acceptor atoms. (c) The data for the molecular docking of the chlorobutyrophenone and clozapine derivatives, selected antagonists of Dy and the agonists
of 5HTy, by Surflex-DOCK and SVM. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig.7. (Continued ).

3.9. Activation profiles of the dopaminergic libraries

The affinity of the synthesized compounds obtained from the
modification of the neurotransmitter in the chlorobutyrophenone-
type ligands was examined for the isolated Dy receptor using
competition affinity assays with specific probes. The competitive
binding assays revealed that the chlorobutyrophenone-type lig-
ands could bind the D receptor isolated from the rat hypothalamus
(Fig. 10). The concentration dependence of the drug-receptor bind-
ing implied that all the sites were accessible and active. An essential
feature of maximizing the pharmacological properties between the
biological candidates and the natural receptor, Dy is supported by
biological assays, which should maintain their function and bio-
chemical entities during templating synthesis, and hence resulted
in the preservation of biologically active molecules. Table 4 shows
the biological activity of the synthesized compounds for the nat-
ural Dy receptor. 3a showed the highest binding affinity, while 5a
shows the highest log EDsp of the compounds. With the optimized
binding buffer, the complex structure found for these products was
consistent with the binding assay that turned up the rapid dis-
covery of an active ligand binding to the Dy attractive drug. Thus,
this approach could lead to improved medications, which is highly
desirable for the treatment of neurological diseases with fewer side
effects.

Drug screening on the cloned receptor of the D3 receptor has
been recently reported, however the testing and identification
of the cloned receptors are difficult yet are needed for accuracy
and specificity. Despite the usefulness of the dopamine receptor
biomimics based on these molecular imprinting techniques are
likely to address the problem of the availability of the dopaminer-
gic receptor, although the orientation of the neurotransmitters in
the MIPs may differ from its biological counterparts. Our approach
even precisely defined a specific binding site for the action of the
drug that affected dopamine transmission as the above-mentioned
allowed for the identification of the subtype selective D3 recep-
tor drugs which indicated that the good docking scores provided a

Table 4

Activation profiles of various chlorobutyrophenone derivatives to Dy receptor.
Compound Brmax (M) K;~ (nM) Log EDsy
la 0.423 141 6.26
Za 0.435 227 3.20
3a 0.437 207 5.02
5a 0.467 558 6.79

Data extracted from best fit to [analyte]mound = Bmax [analyteJsee/(Kg [analyte e );
(R? >0.990).

" Maximal binding capacity.

" Dissociation constant (30 pg of the receptor was used).
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a) Monomers (acrylamide and methaerylic acid), cross linker (AIBN)

and template (dopamine) were selected for imprinting

b) In presence of free radical (A1BN), monomers
polymerised with functional group complimentary
to template

d) Structure of polydopamine after eluting from imprinted
polymer cavity

¢) After overnight incubation, dopamine polymers were
formed inside cavity

Fig. 8. Possible binding sites in the dopamine imprinted receptor and the proposed procedure for preparation of an imprinted dopamine receptor with collection of sample

data and the interpretation of the phenomenon observed in this study.

correlation with a number of known pharmaceutical compounds
for both the D3 and 5-HTqa. As a consequence we can generate
selective D3 compounds with neuroprotective effects. The phar-
macophore model achieved for interaction of the D5 receptor with
the synthesized compounds obtained from the imprinted nanoves-
sel will also allow us to understand the role of this receptor subtype
in producing anti-parkinson effects in the brain.

Different dopamine agonists have been shown to provide a
critical response to medication since practical guidelines for the
useful management of Parkinson’s diseases that have been pre-
viously reported and the incidence of the dopamine modulation
with neurobehavioral-related side effects was able to induce the
development of impulse control disorders (ICD) that have occurred
most frequently [38]. The occurrence of neuropsychological behav-
iors during the treatment of Parkinson's patients can be linked to
other neurological disorders such as restless leg syndrome and
amyotrophic lateral sclerosis. The use of dopamine agonists for
Parkinson medication has induced the hypersensitivity of neu-
ropsychiatric behaviors and in particular ICD has focused the
connections of neural activity through the pathway of subtype
receptors [39,40]. Any strategies for the discovery of anti-psychotic
drugs related to the selectivity of action that is relatively specific to
the subtype receptor that will impact to respond to Parkinson's
disease may increase the risk of ICD incidence in the patients,
so that our approach may remarkably provide the opportuni-
ties for introducing a strategy that is promising to help in this
context. Our present approach has demonstrated that the develop-
ment of the synthesis of dopamine binding ligands that generated

potent molecules that were chiefly selective for the Dy receptor
compounds resulted in a reduced concentration of the dose and
were tunable into receptor subtypes and other related dopaminer-
gic receptor which afforded D3 selective compounds and would
provide for more efficient therapeutics. In the current study, using
a nanosized mold having the functional counterparts they were
complementary to the pharmaceutically active compound as the
template that can be used for engineering of bioorganic molecules
with anidentically biological entity on a natural dopamine receptor
could be a promising way to solve clinical problems and manufac-
turing issues. Combined with pharmacophore model studies, the
alternative approach should improve a better interplay of distinct
structures, by providing a powerful tool to predict clinical issues
and gain an understanding of the pharmacotherapeutic dopami-
nergic receptor agonists in the treatment of Parkinson's disease.
Previous studies have reported the role of dopamine modulation
in relation to the possible emergence of impulse control disorders
that led to hyperkinetic/hyperdopaminergic neuropsychiatric con-
ditions [41]. However precise screening of a dopamine receptor
agonist on a receptor or with participation of an autoregulation of
the CNS or having a self-reinforcing property that genetically regu-
lates a significant deal to a CNS function in disease and the relevant
issues of neurochemicals, homeostatic and circadian regulation are
carried out when examining for biological and physiological activi-
ties [42]. Housing from single molecules in minimal model systems
to complex proteins that were based on molecular imprinting tech-
niques with multiple templates similar to this study will lead to
receptors with a significantly better affinity and adjustments to
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(@)

(b)

Fig. 9. (a) The proposed model of the interactions between products 1a, 2a and 3a
that were close to the subunit binding site of the D; biological receptor. (b) The
best pharmacophore model and the molecular alignment of the compounds used to
establish the model showing a possible role from the molecule fragments that were
inserted into a specific binding pocket of the protein near to the gorge rim as being
the significant pharmacophore of this class.

their suitability with respect to in vivo concerns. This may provide
great promise to assist in the discovery of psychoactive drugs with
features that reduce the burden of disease. This biomimetic recog-
nition material would create novel processes applicable to the field
of medicine and pharmaceutical industries.

Bound
[ )

0 2 4 6 8 10 12 14
Concentration of synthetic compound, pM

Fig. 10. The competitive binding assays of the Dy receptor isolated from the rat
hypothalamus for various compounds.

4. Conclusions

In this report, we have prepared an imprinted dopamine recep-
tor that exploits multiple recognition sites for known bioactive
compounds to identify a possible library of biologically active
entities of dopamine analogues. Based on the FT-IR studies and
observations from chromatographic analyses, the chemical func-
tionalization of the acrylamide-imprinted cavities ensured the
dynamic control of the polymer, while providing for the inter-
action of functional group anchor sites and the reactant into the
molded cavities. The results obtained for the ligand binding and
from competitive assays with the dopamine imprinted receptor
for both the MIPs revealed the possibility for reversible binding
and assembly of the activities of a drug, biomolecule. The result
has illustrated the possibility of a visiting molecule that will cer-
tainly be close to the multiple active sites of the MIP binding site
that was generated by the newly formed compounds and resulted
in additional potential hits for determining the binding affinity of
a natural dopaminergic receptor. On the other hand the imprinted
site appeared to be distinguishable by a favorably adsorbed reagent
because of the existence of a shadow mask in the MIP binding
site, which did not yield any alkylation product. The increased
obscurity of the assay systems can be used to test ability to detect
differences in the pharmacological effect and the vitally important
facets of the global target activity is of considerable importance. The
imprinted cavities could be exploited for the study of the struc-
ture and selectivity of the ligand binding sites of the dopamine
receptor by their conditioned responses that were difficult to be
detected by the conventional imprinting method. The versatility of
this approach has been directed to produce the specifically site-
binding affinity for the treatment of various neuroleptic disorders
in the CNS and for the application of a search for a dopaminer-
gic library. The important finding is the possibility for creating the
image of the original template species allowing close proximity of
the binding site of the protein to be offered a maximized speci-
ficity of a dopamine imprinted cavity for producing a highly potent
agonist and selective molecules for the D3 agonist. Reactions that
possess hydrogen-bonding interactions can be inferred from the D4
interaction activation profiles of the biological test for the potent
compounds that could maximize the clinical effects or mitigate
drug toxicity.
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temperature which are involved in neuronal diseases, such as Alzheimer’s, Parkinson's and Hunting-
ton’s diseases. As well thermodynamic parameters can be obtained in the environments in vitro, which
that the assay involves a temperature variable, at or beyond body temperature. We applied for study-
ing molecular aspects of hypothalamus regulated physiology and behaviors. Steady-state binding was
detected by fluorescence and Boltzmann energies-based fluorescence emission showed interactions of
clozapine with altered energy levels. Dynamic spectra revealed dramatic effects on the fluorescence of
the drug in dopamine imprint of MIPs exposed rat hypothalamic membranes at different temperatures.
The MIPs that cooperatively occupied and provided the response to the neural proteins were not likely
to be involved in the binding of clozapine within the cavity. The results indicated that the dynamics
on the surface of proteins exposed to the drug-MIP with assembly, mediated specific function through
temperature-dependent molecular interaction in the hypothalamus. Thus, this approach is applicable to
processes of key importance of controlling the energy homeostasis and, plausibly, to selective signaling
can affect in plasticity of the neural response.
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1. Introduction the function of a biological system that gives rise a desirable interac-

tion of the delivered molecule [3]. The interacting of specific protein

Drug or substrate interactions at the binding pocket of a specif-
ically functional protein in the human brain is one of the essential
processes that can be manipulated to selectively separate the ther-
apeutic effects of drugs or drug candidates from their unwanted
side effects. Their molecular and cellular interactions are central
to studying how biologically active compounds exert their effi-
cacy related to their distributions and structural dynamics in their
molecular environments. Such approaches have potential impor-
tance for medicine and pharmaceutics [1,2]. By taking the feature
of a unique interface produced by assembly that occurs normally in
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60th birthday.
* Corresponding author. Fax: +66 74 428239,
E-mail address: roongnapa.s@psu.ac.th (S. Roongnapa).
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1359-5113/© 2015 Elsevier Ltd. All rights reserved.

receptor can sense to the extracellular environments producing the
developmental signals and improved responses [4]. The tremen-
dous complexity ofa molecular interaction inaliving system has led
to the evolution of physiological signaling molecules that evolve the
receptor-mediated neuronin brain. Technology of a single molecule
signal passing through a periodic mesoporous material where the
specific structural feature influenced on the mobility of the desired
molecule [5], this will be able to provide studying for particular
cellular functions and even transducing for downstream signals in
body. Of even more importance of the specialized responses of the
receptors influence from the substrate-binding of anti-psychotic
drugs for the psychotic responses and the behaviors and that were
dependent on the active functional protein are associated with the
physical environments that can affect the actual organization of
protein binding sites and assemblies [G].
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The self-organization involved in the cellular processes of the
neural system, though at a relative minor level, can alter the confor-
mational segregation through the ability of the network’s that relies
on the selective recognition of biomolecules. Signaling molecules
within synapse give temporarily or emerging responses in the brain
to minimize damage of the cells [7]. The homeostasis control, to
circuits, centrally, primarily controlled by the biological activity
of the hypothalamus which attenuating the dopamine and sero-
tonin neurotransmitters release by regulating the social behaviors
and influenced the balance of emotion and the post-traumatic
disorder. The differences of therapeutics traverse the dopaminer-
gic system that can be important to the drug sensitization in the
behavioral phenomena, is not discovered, although the possibility
it precisely identifiable different intrinsic activities of highly spe-
cialized neural proteinsin the hypothalamus [ 8]. This neural system
regulates basic function triggered other neurons and that evolve a
cluster of populous receptors [9], or the coordination of the func-
tional domains or counterparts [10], that affected to the function.
They also regulated the body by respond to minor external stimuli
such as motion, pH, carbon dioxide, light and temperature. There
have been reported with the reinforced physiological effects and
behaviors by the drug and the addiction related to dopamine Dy
receptor reward signaling in the nervous system. The successful
development of a drug candidate that required the optimization of
selective compound affected to the neural system regulating body
to external stimuli. Some previously methods provided for fur-
ther understanding of the specific aspects of the neurotransmitter
receptors. Advance knowledge of the refined binding site is crucial
for probing functionally modify selective therapeutics and manip-
ulate biased signaling pathways [11,12]. Previously reported work
focused on the role of the human immune systems interacting with
specific receptors ultimately regulating responses in the neural sys-
tem that how they are involved to the neural function have been
notwidely known [13]. Methodologies enable the study of different
functional processes involving on the feedback methods within the
neural systems and have been applied in the field of neurosciences
in either cells or animals [14]. The recently reported involvement
of stimuli on the dopaminergic receptor induced the local protein
synthesis implicate the neurotransmitter receptors in the process
ofthe neural circuit and neural plasticity in the hippocampus about
which is very little was known [15].

Prescription costs for antipsychotic drugs in the United States
totaled about $18.2 billion USD in 2011 and has since increased
by 13%. Clozapine was chosen for this study because it is an atyp-
ical antipsychotic agent that acts as an antagonist for dopamine
Dy, D3, and D4 receptors and serotonin HTp4 and 5-HT,p recep-
tors, and as a potent agonist at serotonin 5-HTq4. It also affects
epinephrine, acetylcholine and histamine receptors [ 16]. Clozapine
has been used to treat clinical disorders including schizophrenia,
Parkinson's disease, other neuroleptic disorders, attention deficit
hyperactivity disorder and different spectrums of autism [17]. This
dug had evolved to the extrapyramidal side effects, yet the risk of
the mortality for long term use has not yet known [18]. If we can
understand fundamental ability of receptor response regulating the
function it might be interested in developing precisely manipu-
late specific molecular interactions that mediate nervous system
function.

Molecular imprinting technology have aroused extensive atten-
tion and been widely applied in many fields and have drawn much
attention in recent years [19,20]. The molecular imprinting tech-
nique is a well-known emerging approach allowing targeting of
crucial components by its ability to recognize naturally occurring
templates[21]. Upon polymerization, a three-dimensional network
can be generated with selective recognition sites for a template.
These biological analogous systems provided the opportunities to
customize a preferred selectivity of the recognition element [22].

A microprobe is a molecule that has the ability to measure the
properties of other structures or even to activate them to trig-
ger signaling that causes interactions in many fields. They can be
used to study the functional selectivity of targets or diseased cells
for use in medical diagnostic and biosensor applications [23]. The
monolithic polymer obtained by bulk polymerization has to be
debrided, ground and sieved to an appropriate size, a process that
is time consuming and would reduce the functional properties of
the polymer product. In addition, the grinding operation results in
producing irregular particles in shape and size, and some high affin-
ity binding sites are destroyed and changed into low affinity sites.
Suspension polymerization, emulsion polymerization, seed poly-
merization and precipitation polymerization has been developed
to overcome these drawbacks and surface imprinted polymers are
now widely used. In this work microprobes have been prepared
based on molecular imprinting technology that allows the synthe-
sis of MIPs by bulk polymerization [24]. We think that the bulk
polymerization method offers a high yield of product and that
whole template imprinted within the surrounding polymer matrix.

Nonetheless, the reactive substrate binding domain of a neural
protein receptor in the hypothalamus is even more complex. While
this question has been approached, the present approach offers a
better potential as the molecularly imprinted polymers offer a great
potential for probing manipulation by the pharmacological effects
of antipsychotic drugs. Clozapine can be used as a fluorescent tag
exquisite specificity and affinity for selective receptor. Investigat-
ing a drug-related structure where the effects in modulating the
neural activity of the specific functional protein responses to stim-
uli, it is possible that this could allow for the improved survival
or a reduced serious side effect of anti-psychotic drugs, this has
been carried out by present method using MIPs. Use of a MIP is
of interest because of the polymers' enhanced chemical stability,
superior to that of their natural counterparts and which possibly
enabling use for longer periods of time. Indeed we have recently
applied this approach to discover potent dopaminergic receptor for
treatment of patient suffering from Parkinson’s disease [25]. The
initial results suggest that MIPs would be highly useful in studying
the receptor subtypes able to bind the coupling substances which
enable of combining organizing or synthesizing the information of
brain cells. This makes it possible to correlate both the structure
and the drug-associated proteins through the modulation in a neu-
ral sensing protein ensure the linkage between a molecular subtype
of the hypothalamus membrane and the neural activity that enable
a fluorescent response, that changed in the presence of thermal
dynamic, needed to be clarified [26]. One of the major issues of
concern is use of specific probe in neuroscience evolved to a few
molecules present. As tunable macromolecular interaction relies
on the isolation of proteins, for overcoming the diffusion of coex-
isting matrixes in vitro has to be considered [27]. This is reflected
by the alteration of the particle size and mass, density and shape
which had the properties of extinction of the different components
[28]. Also, a highly complex interaction, neural activity and that
some drugs, e.g. food, vitamin, drug and water, that imbue external
environment with significance and increase the behavioral acti-
vate the neurotransmitter activities [29]. Thus it is of great interest
to understand how the plastic change can be elicited in response
to exogenous Zn* biomolecule that may provide the specialized
properties of the drug-related structure for the thermosensitivity.

In this study, we have evaluated the use of MIP microprobes for
studying drug or substrate binding associated with neurological
function through temperature-dependent molecular interactions.
The relationship between fluorescence decay and phase contrast
microscopy was determined and physical characterization was
examined by 'H NMR and X-ray microanalysis. With all these
methods, the MIPs were compared with the corresponding non-
imprinted polymer (NIP). Alterations of protein function can lead
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to the accumulation of perturbed species involved in signaling
and transduction. Such perturbations could be traced by coupled
plasma optical emission spectrometry (ICP-OES).

2. Materials and methods
2.1. Reagents and chemicals

Dopamine hydrochloride and serotonin hydrochloride were
from Sigma-Aldrich Chemical Company (Milwaukee, WI, USA).
NN'-Methylene bisacrylamide (MBAA), methacrylic acid (MAA),
acrylamide (ACM), methacryloyl chloride, and ZnCl; were from
Sigma-Aldrich Chemical (Milwaukee, WI, USA) and 2,2'-azobis-
(isobutyronitrile) (AIBN) from Janssen Chimica (Geel, Belgium).
Clozapine was from Taizhou Xingming Pharmaceutical Co., Ltd.,
(Zhejiang, China). MAA was purified by distillation under reduced
pressure before use. Biorex-70 resin was from BioRad laboratories
(CA, USA). All solvents used were of either analytical or HPLC grade.
The working standards were freshly prepared.

2.2. Synthesis of molecularly imprinted polymers

Molecularly imprinted polymers were prepared in this study
using the method described previously with slight modification
[30]. Template molecules were either dopamine alone or dopamine
and serotonin, with the resulting MIPs designated as D-MIP and DS-
MIP, respectively. D-MIP and DS-MIP are formulated as shown in
Table 1. Both MIPs were prepared by dissolving dopamine HCl (or
dopamine HCl and serotonin) in a MeOH/water (4:1, v/v) solution
(30 mL) as a porogen [31], followed by addition of monomeric mix-
tures of ACM, MAA and MBAA, the latter as crosslinker, in amounts
shown in Table 1. The mixture was purged with nitrogen gas for
10 min and polymerization. Polymerization was carried out at 60 “C
insealed containers. After the resulting polymers were crushed and
ground, the fine substances were recovered by sedimentation and
filtration. For each sample, the polymer matrix was washed with
3 % 500 mL 10% (v/v) acetic acid in MeOH followed by 3 x 500mL
MeOH. The filtrate was separated by vacuum filtration. A non-
imprinted polymer (NIP) used as a control was prepared in the same
way as the MIPs without the template molecules. Complete extrac-
tion of the template molecule(s) from the polymer was confirmed
by the absence of the template(s) in a MeOH rinse of the polymer, as
detected by fluorescence spectroscopy. Finally, synthesized poly-
mers were dried under vacuum and stored in airtight containers at
ambient temperature until used for experiments.

2.3. Steady state fluorescence assay

Fluorescence emission spectra of clozapine were obtained in a
FP-6500 spectrofluorometer (JASCO, Easton, MD, USA), before and
after incubation with either MIP or the NIP control, in MeOH at
room temperature. Filtrates from a clozapine solution were incu-
bated with the imprinted and non-imprinted polymers at 25 +1°C.
Emission spectra of the incubated polymer samples were obtained
with an excitation wavelength of 341 nm. In the typical steady
state titration studies of the maximum intensities for each sam-
ple in MeOH were collected, by adding sequential aliquots of
methacryloyl chloride (stock solution of 10 L in MeOH 10mL)
to the mixture consisted of 100 mg polymer particles (NIP, D-MIP
or DS-MIP), clozapine (3.1 nmol/g polymer in 4mL MeOH) and
1.24 wmol AIBN in MeOH were sequentially added at ratios (w/w)
of clozapine:methacryloyl chloride from 1:1 to 1:20 with constant
temperature maintained by a Thermo bath block heater (Thermo
bath-ALB128, Gunpo, Korea). The emission spectra of all the sam-
ple mixtures were obtained with a fluorescence spectrophotometer

using an excitation wavelength of 341 nm and emission wave-
length at the control NIP (A gmiss 440 nm), D-MIP (2.cmiss 493 nm) and
DS-MIP (Aemiss 332 nm) in the presence of various concentrations
of methacryloyl chloride. The change of clozapine concentration
was calculated from relative intensity (IfI,) given as a function
of wavelength, where | was the measured fluorescence intensity
and I, the initial fluorescence intensity. All experiments were per-
formed independently three times. In other experiments, the ZnCl;
(21.1 g/kg of polymer) and NIP, D-MIP or DS-MIP were added into
clozapine at 3.1 pmol/g polymer in 4 mL MeOH. Emission spectra
were obtained with an excitation wavelength of 341 nm, at temper-
atures ranging from 300K up to 340 K. The fluorescence emission
spectra were recorded after addition of the solid sample, stirring
and incubation for 24 h.

2.4. Determination of fluorescence spectral dynamics

In a typical experiment of emission dynamics, fluorescence
spectroscopy studies were conducted to determine effects of
surface heterogeneity on the adsorption on solid surfaces was
expanded by the fluorescence intensity of clozapine that exposed
the two MIPs and the adsorbed zinc. The clozapine in aliquots
of each incubation solution were immediately analyzed in a FP-
6200 spectrometer equipped with a 150 W xenon lamp and 10 mm
quartz cells. In all titration experiments, an excitation wavelength
of 341 nm was used. Entropy value S of the complex process of
imprinted pelymer and analyte was calculated: S=kyInW [32], in
which there is an entropy connection to the weight (W) after
incubation with methacryloyl chloride of different concentrations
with and without zinc. In this formula, k, is Boltzmann con-
stant, 1.380 x 10~23J/K. The apparent dissociation constant (K)
determined from the isotherm was derived from changes in the
amplitude of steady state which a higher K and more favorable free
energy, the biophysical interaction of the drug at the binding site
was stronger. For the calorimetric assay, the tested polymer of a
known mass in the absence and the presence of ZnCl; (21.1g/kg
of polymer) was combusted within a pure oxygen atmosphere in
a bomb calorimeter (C5000, IKA® Werke GmbH & Co., Staufen,
Germany). The calorific value of the polymer was defined as the
observed temperature rise in the calorimeter vessel and the mean
of triplicate measurements was reported for each batch.

2.5. The rat hypothalamus protein preparation

Rat hypothalamus samples were obtained by a protocol
approved by the Animal Research Ethical Committee at the Prince
of Songkla University (Ref. no. 30/2014). This protocol used Wis-
tar rats of both sexes at an age of approximately 1-2 months and
weighing between 200 and 210 g. Dissected rat hypothalami were
immersed in ice cold physiological buffer (pH 7.4). Experiments
were conducted at 4 °C under sterile conditions using the method
was carried out as per reported protocol [32]. For hypothalamus
protein preparation, brain tissue was homogenized in 0.5 mg/ml
physiological buffer (0.32 M sucrose, 50 mM Tris-HCl, 10 mM NaCl
and 10 mM EDTA) in a pre-cooled glass homogenizer. In the typi-
cal procedure for a membrane isolation, the combined homogenate
was centrifuged at 1000 rpmi (or 120 x g) for 10 min to remove large
cell debris. The resulting pellets were pooled together and sus-
pended in a buffer consisted of 0.32M sucrose, 50 mM Tris-HCl,
100 mM NaCl and 10 mM disodium EDTA. The pelleted membrane
was washed with physiological buffer three times, then with the
same buffer without sucrose three times and centrifuged (Optima,
Beckman Coulter, USA) at 50,000 rpm (or 200,000 x g) for 30 min
for 1 h. The resulting supernatant was lyophilized yielding a total
protein weight of 200mg achieved for total protein content of
approximately 8.52 jLg/100 pl that of the final membrane pellet
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Table 1
Polymer composition and pore analysis of MIPs and the NIP control.
Polymer Dopamine HCl (g) Serotonin HC (g) MAA (g) ACM (g) MBAA (g) AIBN (g) Pore volume x 10-2 (ccfg) Pore size (A)
NIP - - 1.12 0.92 10.08 142 2354 1835
D-MIP 1.24 - 1.12 0.92 10.08 1.42 1313 248.0
D5-MIP 1.24 1.39 1.12 0.92 10.08 1.42 2521 259.0

sample, as estimated by Bradford assay. The total pellet was resus-
pended in 1mL buffer to produce the membrane pellet sample
before use.

2.6. Determination of protein adsorption

To investigate temperature dependence, fluorescence emis-
sion spectra were obtained on mixtures of 100 mg MIPs or NIP,
0.30 pmole clozapine, 1.24 pmole AIBN dissolved in MeOH (6 mL)
with spectra taken before and after addition of methacryloyl chlo-
ride (1.25 uM) and zinc (3.1 M) followed by rat hypothalamus
membranes (0.2 mg protein in 50 mM ammonium formate buffer
pH 7.4). Incubation mixtures were stirred overnight to enable them
to reach equilibrium. The suspensions of the solid particles were
centrifuged at 1000 rpm (or 120 x g, 4°C) and an aliquot immedi-
ately collected. Fluorescence emission of a clozapine solution and
the polymer mixtures described above were recorded on a spec-
trofluorometer (FP-6500, Jasco, Tokyo, Japan). Fluorescence spectra
of the clozapine solution after the treatment were recorded at var-
ious temperatures on aliquots diluted in phosphate buffer pH 7.4
[34]. The typical scanning wavelength range was 300-600 nm with
both excitation and emission monochromator spectral bandwidths
of 2 nm. Using the fluorescence quenching assay and receptor sen-
sitization at various temperatures, the solvent perturbations in the
samples were minimized, thus enabling clozapine interactions with
the protein pellets to be probed. Each measurement was performed
in triplicate.

2.7. Microscopy and image analysis

Allimages were acquired with an Olympus Fluorescence micro-
scope (BX61, Olympus, Tokyo, Japan). Typically, samples had 2 mg
clozapine directly dispersed into particles of MIP or the control NIP
at a drug:polymer ratio of 1:4 in MeOH. Solutions were studied by
the same method, as described above. Subsequently, drug-binding
activities of the polymers incubated with different concentra-
tions of clozapine were assessed by fluorescent microscopy for
the hypothalamus membrane pellet samples and then the added
zinc. The fluorescence microscopy data of the clozapine solution
incubated with MIPs or NIP were analyzed by a photographed fluo-
rescence image on a Nikon Eclipse TE 2000-V inverted microscope
(Nikon, Tokyo, Japan) equipped with a xenon source (100 W) and a
Photometrics Cascade 512 B CCD camera (Nikon, Tokyo, Japan). A
UV excitation filter combination (violet excitation filter) consisted
of optical filters (10 nm bandpass) on a controlled wheel (DG-4, Sut-
ter Instruments, CA, USA), dichromatic mirror cut-on wavelength,
and barrier filter wavelength (bandpass). Where indicated, MIP was
preincubated with clozapine and hypothalamus protein at 37 °C.
Fluorescence decay spectra were determined in a FP-6200 spec-
trometer (Jasco, Tokyo, Japan) using the time course measurement
method. Fluorescence measurements of all samples were collected
independently three times using the same batches of polymers.
All data are presented as means =+ standard deviation (S.D.). The
ANOVA followed by a post-hoc test (Tukey's test) was used, where
necessary to establish significant differences (the 95% confidence
level, P<0.05) among treatments.

2.8. Characterization of the assembling materials

A TH NMR spectrum in CDCl; was obtained on a 500-MHz NMR
spectrometer (Unity Inova 500, Varian, Darmstadt, Germany) to
collect '"H NMR data for clozapine solution after incubation with
the brain proteins and MIPs in the presence of ZnCl;. A parallel
experiment was performed with NIP control polymer. Chemical
shifts were referenced to tetramethylsilane (TMS). FTIR spectrum
of the polymers was obtained using a 1720X FTIR spectrometer
(PerkinElmer, Beaconsfield, U.K.) using a Spectra Tech ATR-flow cell
with a 45° ZnSe crystal. Surface morphology was observed with
a scanning electron microscopy (SEM; Quanta 400, FEI, Hillsboro,
OR, USA). Mean particle sizes of each sample were analyzed by a
laser particle size analyzer (Beckman Coulter, CA, USA) at a fixed
scattering angle of 90°. The amounts of zinc in the polymer and
sample matrix were analyzed inductively with a coupled plasma
optical emission spectrometer (Series DV 4300, PerkinElmer, IL,
USA) and elemental analysis was performed with an Optima 4300
DV (PerkinElmer Instruments, CT, USA) at A, =206 nm. To deter-
mine zinc by optical emission spectrometry, the amount of zinc
in solution after the incubation was analyzed using an Optima DV
4300 ICP-0ES (PerkinElmer, CT, USA). The amount of zinc in the
polymers was also measured by an elemental mapping analysis
obtained with a Quanta 400 SEM (FEIl, Brno, Czech Republic) and
by X-ray microanalysis spectroscopy (X-max, Oxford Instruments,
Abington, UK).

2.9. Molecular modeling

The theoretical model of MIPs after incubation with methacry-
loyl chloride of different concentrations with zinc was performed
with the Discovery Studio 3.5 Visualizer (Accelrys®, San Diego, CA,
USA). The van der Waals surfaces of precursors and MIPs were gen-
erated by the Discovery Studio 3.5 Visualizer, during which the
dispersion forces play an important role in establishing the prop-
erties of substances being formed. Using partial charges for the
nonstandard residues based on CHARMm FF, Momany-Rone Force
field [35] and bond parameters are assigned that was based on the
similarity among atom types while charges are determined in the
force field.

3. Results and discussion

3.1. The determination of substrate specificity of the artificial
receptor

Fig. 1A shows changes in the fluorescence spectrum of a clozap-
ine solution for both the MIPs and the control polymer. The spectra
in both MIPs showed extensive overlap with the spectrum of cloza-
pine in a methanol solution and the wavelength shift with DS-MIP
than that for D-MIP both of which were about 50-100 nm greater
than that for the clozapine in solution, while the highest fluores-
cence intensity was for the D-MIP. The optical characterization of
clozapine, after incubation with MIPs, revealed a broad spectrum
with maximum wavelengths at 500 nm and 540 nm for D-MIP and
DS-MIP, respectively, shifted relative to the spectra of clozapine in
solution or with NIP. Thus, compared with that of the original cloza-
pine solution, the incubation of clozapine and either MIPs resulted
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Fig. 1. (A)Fluorescence emission spectra of the mixture of clozapine and methacryloyl chloride and AIBN in MeOH and after the incubation of the imprinted polymers (D-MIP
and DS-MIP) and control polymer (4., =341 nm). (B) The change of clozapine in various concentrations of methacryloyl chloride for NIP (4.0ps = 440 nm), D-MIP (#.ps = 493 nm)

and DS-MIP (Agps =532 nm).

in a fluorescence spectrum that was broader and red-shifted. This
spectral overlap was greater for D-MIP than for DS-MIP. In contrast,
the fluorescence emission of clozapine did not substantially shift
with NIP, as compared with in solution. This indicates the absence
of interactions between clozapine and the surface of NIP. This
phenomenon of differential fluorescence behavior in the recogni-
tion site of D-MIP and DS-MIP resulted from methacrylate on the
polymer surface creating different chemical environments on the
analyte, depending also on which polymer was used [36].

Fig. 1B shows the increase in clozapine relative fluorescence
with methacryloyl chloride after incubation with the imprinted
polymers or the NIP control polymer. The two MIPs have about the
same quenching spectra, particularly at the maximum wavelength
with lower concentrations of methacryloyl chloride and have slight
differences at log concentrations far lower than 0.2 pM. Even at
methacryloyl chloride log concentrations greater than 0.2 M, the
enhancement of clozapine concentrations was significantly higher
with both MIPs than with the NIP. There is a noticeable quenching
of the clozapine that contained the bulky tricyclic rings and was
somewhat larger than the template dopamine, and serotonin so
that provided some difficulty for both the MIPs to enter the cavity.
This showed a rigidity or a constraint of motion, as in the case of
the dopamine binding to the MIP in the presence of higher amounts
of methacryloyl chloride, and indicated that this effect, diminished
the possibility of depopulation of the excited state by heat energy

and the loss was less enhanced through the fluorescence emission.
To understand this difference, we studied the D-MIP-clozapine by
the molecular modeling and showed that the complexation energy
was mainly a dispersed force and there was a difference between
intermolecular neighbor for the MIP (1205A) and the NIP (113 A)
by about tenfold. Also, this indicated that the excess of the chloride
on the drug-polymer altered the orientation of the clozapine on
each MIP, leading to the slightly different emission spectrabetween
the D-MIP and the DS-MIP. In addition, the methacryloyl chlo-
ride induced relatively little change in clozapine fluorescence in
the presence of the NIP control polymer, leveling off at about half
the increase in relative fluorescence intensity as compared with
those observed for both MIPs. Beyond approximately log 0.7 puM
methacryloyl chloride, the relative fluorescence intensity of clozap-
ine in DS-MIP was slightly reduced as compared with that of D-MIP.
Access of clozapine to the imprint cavities accounted for the dif-
ferences in the fluorescence emissions obtained with the MIPs at
varied concentrations of methacryloyl chloride.

Fig. 2A shows the FT-IR spectra of D-MIP, DS-MIP and NIP,
showing O0—H and N—H stretching vibrations at 3421 cm~!, the car-
bonyl stretching region (1657 cm—'), and also the bending of —NHj,
CH>—CO, and —OH peaks at 1532, 1388, and 1452cm!, respec-
tively. The D-MIP exhibits the peaks at 1657 cm~! that corresponds
to the carbonyl groups in the methacrylic acid and the acrylamide
functional monomers[37,38], and also there was a marked increase
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Fig. 2. (A) FT-IR spectra of D-MIP, DS-MIP and NIP by KBr disc method. (B) The effect of zinc on the correlation of the eqguilibrium constant (InK) of clozapine into the MIPs
and NIPs and stabilization energies AH* after incubation with methacryloyl chloride of different concentrations and AIBN with the additional zinc. Calculated distribution

with the model for mass transport-influence binding.

in absorbance at 1114cm~! assigned for C—C—O stretching that was
comparable to those for the NIP. The peaks corresponding to the IR
absorbance of both the D-MIP and the NIP were different from the
DS-MIP.

3.2. The effect of zinc on binding efficiency of MIPs

We tested whether both MIPs could serve as a sensitive cavity of
changes in the imprints by observing the quenching of fluorescence
intensity of MIP-bound clozapine with varying concentrations of
zinc. Fig. 2B shows the effect of zinc on the correlation between the
equilibrium constant of clozapine and stabilization energies AH".
Upeon incorporation into the MIPs and NIP, zinc had a significant
effect on the fluorescence intensity of clozapine. Evidently, the dif-
ference in entropy between the NIP and either of the imprinted
polymers upon addition of zinc resulted in binding site hetero-
geneity and a decreased association constant. Before addition of
zinc, the similar shapes of plots of AH" as a function of InK sug-
gested that no significant changes were induced upon clozapine

complex formation with either of the two MIPs. Data showed that
clozapine quenching of the adsorbed species and the deposition of
the adsorbed substances with the pack in density of the layer sur-
face on MIP and hence alteration of binding integrity to template
site occurred. The FT-IR results indicated that the D-MIP had their
surrounding polymeric chains similar to the control polymer but
different from the imprint of the DS-MIP due to the non-specific
interaction of the carboxylic acid and the amide group in the func-
tional monomers that were randomly distributed in the crosslinked
chain polymer. This can be attributed to the binding characteristics
in the MIPs because of the fluorescence emission.

Further, we examined the surface energetics distributions of
MIPs after incubating with clozapine, with and withoutzinc. Table 1
illustrates the heat energy of both the MIPs and control NIP after
incubating with clozapine, as determined by the bomb calorimet-
ric method. The data indicated that zinc quenched fluorescence of
clozapine and that the increased heat energy with added zinc was
related to its distribution and ability to enter the binding cavity as
a zinc solid (ZnCly). The increase in heat energy value with zinc
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Table 2
Effects of Zn on heat energy and the amount of Zn associated with polymers after various incubations.
Compound Heat energy(Jg ') Pvalue’ Pvalue™ Zn (mgkg ' Zn Pvalue Pvalue™
NIP +Clozapine 14,300 £ 3.5 - 6.31 £ 038 -
D-MIP+Clozapine 15191 £ 0.6 0.061 718 +1.29 0.0036
0.005 0.0028
DS-MIP +Clozapine 14949 £ 0.8 0.108 833 +2.08 0.0032
NIP +Clozapine +Zn(1I) 15113 £ 0.6 - 5,848 +£0.73 -
D-MIP +Clozapine +Zn(1I) 15530 £ 0.3 0.004 6,251 + 053 0.0003
0.082 0.0005
DS-MIP +Clozapine +Zn(11) 15753 £ 1.1 0.023 9427 + 1.38 0.0003

Mean +5.0., n= 3. Using analysis of variance and% confidence level, P< 0.05 of the difference “comparison between MIP and control polymer, ~between D-MIP and D5-MIP.

added to the DS-MIP was comparable to that when added to the
control polymer, but much higher than that with D-MIP. According
to the fluorescence quenching data the entropy decreased more
in the presence of zinc with NIP than with the MIPs. Upon ther-
mal reaction of water into the cavity, the altered heat capacity
of the MIP is shown to be able to determine by bomb calorime-
try. The values of the heat energy of polymers with zinc were
higher than those of polymers without zinc, with heat energy
differences observed in all cases. In Table 2, the heat energy val-
ues of samples exposed to zinc in the artificial receptors were
6251.22+0.53mgkg! for D-MIP and 9427.49 + 1.38 mgkg—! for
DS-MIP, although in the absence of zing, it appears there is no sta-
tistically significant difference for the heat energies of both MIPs
as compared to the NIP, but the differences between those of two
MIPs were statistically significant (P<0.05). The heat energies of
both MIPs were significantly different with the NIP control poly-
mer, 5848.42 +0.73 mgkg ! (P<0.05), solely after the incubation.
The statistical analysis showed a detectable statistically significant
difference between the amounts of zinc associated to the MIP as
compared to NIP or those between the two MIPs in all the cases
(see Table 2).

Surface energetic distributions of both MIPs for binding with
clozapine can be described by Boltzmann-energy based on flu-
orescence emission data. The data in Fig. 2 shows changes in
fluorescence intensity behaviors when clozapine was exposed to
the MIPs as compared to NIP. With DS-MIP there was slightly
higher stabilization energy because clozapine had a reduced con-
tact surface with DS-MIP, as compared with D-MIP. With both
MIPs, the InK value depended on complex stabilization based on
fluorescence measurements. The differences in quenching efficien-
cies reflected differences in topography and the binding affinity
related to the temperature-dependent interfacial surface, thereby
influencing accessibility of the quencher to the fluorophore [32].
The clozapine surface became homogeneous after the addition of
zinc with both MIPs. Obviously, NIP has a relatively smaller energy
in the absence of zinc as compared with that for the MIPs. The
binding affinity of clozapine for NIP rapidly decreased with addi-
tion of zinc and the entropy of interactions between the clozapine
and pore surface seemed to reach a plateau level. Meanwhile, InK
of clozapine with the MIPs gradually decreased with decreased
stabilization energy. With zinc addition, there was a slight shift
of InK compared with that without zinc. This is because a com-
plex formed in both D-MIP and DS-MIP primarily adsorbed species
on the particle, distributing surface energy of clozapine homoge-
neously on both MIPs governs similar interfacial interactions as
compared with that on NIP. This reflects the expected properties
of surface chemical properties present on the probed sites. The
Boltzmann energy-based fluorescence emission indicated different
free energies of the dopamine imprinted sites after the adsorp-
tion and altered energy levels of the MIPs were determined by
the bomb calorimetry. These phenomena are a likely accounting

for restricted molecular tumbling in a crosslinked MBAA polymer
matrix, leading to increased dipole-dipole interactions and allow-
ing rotational motion of the clozapine in the presence of zinc. An
illustration of the induction component which a solid surface of the
energetic properties may be influenced by their weak forces under
surface physical conditions and, thus suggesting the van der Waals
force in interconnecting and compactness. By evaluating the inter-
actions between the clozapine and the surface for the two different
MIPs using a fluorescence spectroscopy method, the manipulating
of the assembled system can be varied upon respond to presence of
adsorbed molecules, topography and temperature, complied with
the Boltzmann equation. Consequently, the maximum values of rel-
ative intensity could be related to those sites most prominently
involved in the drug-polymer association.

3.3. Protein binding of clozapine in MIPs

We investigated how clozapine interacted in the presence of the
two MIPs by measuring fluorescence intensities that was applied to
test the phenomenon of the cavity, then the possibility of the spe-
cific substrate of protein binding and the molecule interaction can
be probed. Fig. 3a—d shows the differential fluorescence emission
of clozapine at various wavelengths in the presence of each MIP or
the control NIP. The hybrid state that allows for strong ground state
bleaching and ease of exciton dissociation between 400 nm and
550 nm clearly dominated but with a broader spectrum and, in the
presence of zinc, over a broader temperature range, especially for
the DS-MIP (see Fig. 3a,b). While the D-MIP had a boundary range
for the generated exciton at 310 K with temperature variation from
290 to 340K and at various wavelengths, the differential fluores-
cence intensities demonstrated the fine structure of the clozapine.
The DS-MIP displayed the connection of the hybrid phenomenon
between ground state bleaching and excitation dissociation, and
this was strongly dependent on the temperature after incubation,
with and without the added zinc on the surface (Fig. 3b). This obser-
vation is attributed to different surface interactions in the two MIPs
and also this enable fluorescence recovery after that background
bleaching being determined in the diffusion rates of surface pro-
tein receptor obtained from the rat hypothalamus. The structure of
clozapine in DS-MIP was connected to the ease of excitation disso-
ciation within DS-MIP, as shown in Fig. 3¢, and even more of the
blue dark band appeared at longer wavelengths of 500-600 nm in
the presence of the added zinc (Fig. 3d). The fluorescence emission
(Fig. 3a-d)showed clearly that with D-MIP, there was a relationship
between the zinc adsorbed on the protein surface and the clozap-
ine in MIP, but above 310 K the fluorescence spectrum did not shift.
In contrast, with the NIP there was optically dark, noticeable exci-
tation, but very low energy changes of the optical excitation upon
different treatments due to the presence of non-imprinted cavities.

Fig. 3(e-h) illustrates clozapine binding to the MIP when incu-
bated with zinc with the self-assembled MIP located on the binding
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surface. Fluorescence microscopy of DS-MIP, after incubation with
clozapine and zinc, had either a red or yellow fluorescent object at
specific locations but not on the blue-lightimage. As a consequence,
an overlay of the same sample under transmittance light micro-
scope reveals that the zinc composite in the clozapine-embedded
DS-MIP that alternated between dark to light, as shown in Fig. 3e,
square arrow.

Furthermore, fluorescence measurements were compared for
clozapine exposed to the two MIPs, where fluorescence intensities
of the incubation mixtures were obtained by microscopy images.
With D-MIP and DS-MIP, in Fig. 3(i-1), there was relatively little
change in the red signal but a substantial increase in the blue and
green signals, before and after the proteins and additional zinc
were added to each of the mixtures. This was in contrast to the
observations with NIP. It is notable that DS-MIP showed substan-
tial signaling differences in the blue and green fluorophores only.
An alternate switching towards blue signal is occurring with DS-
MIP upon the incubation that suggest there exists a narrow pocket
of a specific receptor consequently induced in the immediate level
that connected the closely related receptor in the dynamic control
of temperature changes due to anisotropic electronic phase. Spe-
cially, interface that changes the assembly involved in perturbation
and a remarkable self-organization on a non-linear dynamic sys-
tem with the protein exposure among the two MIPs, that attached
to the same dopaminergic drug. The protein expression at location
of the gene regulation has been found in the dynamic maps from
the microscope that were correlated to the altered transcription
concentration of the protein [39]. Samples with both MIPs reacted
much differently from those heterogeneity distributed in the NIP

control polymer. This was due to clozapine’s being embedded in the
confined environment, enabling close proximity between drug and
active binding site remarkably allowed, switch residues resorting
in the proteins upon illuminated process.

3.4. Determining the binding surface of clozapine and
fluorescence decay

Fig. 4 shows that, in all cases, both the MIPs could distinguish
the clozapine structure, as detected from the relative fluores-
cence intensity, according to the data shown in Fig. 3a-d. At
lower temperatures in solution, the higher affinity binding site
was less abundant than the lower affinity site. At longer fluores-
cence wavelengths and clozapine solutions at higher temperatures,
both the MIPs could distinguish the clozapine structure, showing
the most drastic changes in fluorescence intensities; D-MIP gave
two ranges of maximum intensity between 300K and 340K, an
increased fluorescence intensity distinguishable between a blue
shift at 400-500nm and red shift at 500-600 nm. In contrast, at
approximately 310K and higher, the peak shift of fluorescence
intensity can be related to the spreading of excitation over dark
states, but the red shift at 500-600 was dominant in the presence
of additional zinc for the DS-MIP (see Fig. 4). These data firmly
established that the quenching of fluorescence emission increased
competition for the available active binding sites, in an interior
cavity of DS-MIP, and hence, the variations among the different
complexes. This indicates that the alternated dark/light phenom-
ena appeared with this system, that it was clearlv depended on the
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Fig. 4. Fluorescence spectroscopy of clozapine as the function of temperature when
incubating NIP, D-MIP, DS-MIP after addition of methacryloyl chloride (1.25 pM)
and zinc (3.1 wmol) at multiple wavelengths according to the data achieved in Fig. 3
(Aex=341nm).

temperature effects was controlled by fluctuations of the receptor
and the decay process that was slower at the surface.

Fluorescence microscopy was used to examine the nature of
binding and its relative contribution to the differences in fluores-
cence decay between the two MIPs. As shown in Fig. 5 (bottom
panel), D-MIP displayed fluctuating intensities of fluorescence
decay, over 5-180s, with the most prominent intensity at 300s.
In contrast, a single curve of the fluorescence spectra over the first
0-300s appeared with the DS-MIP samples. For DS-MIP the size
of the fluorescence compartment was greater, and after 1805, the
large fluorescence compartment occupied most of the volume and
equilibrium was reached with a total of decay time of about 480s.
This was far exceeded by the total decay time for D-MIP, more than
600s. The apparently dynamic process of drug embedded in the
different MIPs, varying significantly with length of time, which it is
attributed to the increased fluctuation and delayed signal of light at
the surface. Interestingly, the DS-MIP with the added zinc displayed
a metal shadow mask that has been allowed the progress upon the
conditions and temperature. By comparison, there was no change
in fluorescence emission intensity with NIP over the same period
of time.

3.5. The verification of assembly structure of MIPs

We investigated the detailed heterogeneity of protein-
associated drug at the interfacial surface using X-ray microanalysis.
The amount of zinc, Zn;yy that is the amount of Zn determined by
an ICP-OES method after removal of the excess Zn for the differ-
ent MIPs and the control polymer as shown in Fig. 6A. In the SEM
image of D-MIP structures with black colored stripes were clearly
observed inthe altered regions showed much higher pack density of
the zinc onto the surface of materials, that involve charge coupling
together with a tensile strain-induced two-dimensional pattern
(Fig. 6A). This suggested an increase in temperature at the growing
surface, possibly generating surface heterogeneity into the limited
space. The anisotropic transport behavior of clozapine-MIP mate-
rial depositing Zn2* drives through a complex dissolution process
may provide the change at the surface or inside the structure. The
remarkable assembled structure of the clozapine in the dopamine
imprint with closure of the zinc interface can be detected by imag-
ing X-ray microanalysis mapping. Clearly, these results revealed the
particular element of ZnKa1 on the polymers and the distribution

and relative proportion of the higher density of zinc distribution
within D-MIP as compared with those for DS-MIP and NIP (Fig. 6B).
In particular, the result showed purple spots of the located zinc
presenting hierarchical structure, that looks like an elephant trunk,
assigned to the self-organized element [40]. Accordingly, the clear
observation of composition of the chlorine atom within the self-
assembly also showed a number of structures resembling periodic
peapod lattices. Because of close proximity enable coordinate the
entire population, which this is the evidence of the anisotropic
driven by the hybridization with the connection of tensile strain
in the solid surface [41]. The surface chemical alterations for the
clozapine on the two different MIPs can be detected and the den-
sity of zinc in the polymer measured from bomb calorimetry was
accounting by the elemental trace on the binding site complemen-
tary to the template, after washing, determined by microanalysis
and this is agreeable to pore size of the MIPs (Table 1). The macro-
scopic level on the surface of interaction between the drug and the
added zinc showed a high level of altered surface properties of the
material, especially in the D-MIP, that could allow the control of
molecular-scale properties.

Furthermore, we carried out a model study for the molecular
assessment of the free energies of the transfer, where a binding site
responds to high temperature. Table 2 shows the amounts of zinc
in the solution and the polymer after the incubation, as analyzed
by ICP-OES. Our data indicated that zinc is a fluorescence quencher
and can increase heat energy. Results were statistically different for
incubation of clozapine and polymer with zinc versus without zinc
for all three polymers. The correlation of the measured equilibrium
constant of drug—MIP interactions to the calculated entropies was
estimated from the condensation entropies. As in this case, the DS-
MIP that coupled changes in zinc level can be observed following
the quenching and acceptor sensitization. The intermolecular coor-
dination bond formed between a zinc center and a NH moiety of
clozapine at interfacial element was analyzed by molecular mod-
eling. For an analysis of specific binding interactions that caused
clozapine to antagonize function of the hypothalamic protein, we
constructed a special pair complex mimicking a biological system;
the clozapine in D-MIP provided fluorescence emission determin-
ing the distance between zinc and S on the protein surface, which
was found to be 2.27 A. The same Zn-S distance of the protein sur-
face was found in DS-MIP and could alter the wavelength switch
of protein, above 310K (37 °C). The interactions with the surface
of the respective clozapine-protein were relatively minor differ-
ent each other of the structures among both MIPs and also the
added zinc. The clozapine on the dopamine imprinted MIP in DS-
MIP that assemble in a favorable fashion with the distance of Zn-N
was comparable (2.02A) to that found in D-MIP (2.00A). Never-
theless, this technique cannot give a comprehensive view of the
protein dynamics. In addition, the fluorescent emission behavior
was correlated to the molecular imprinting protocols to generate
the recognition of template and analogues because of their physical
similarity to dopamine. This comparison indicates that the same
dopaminergic antagonist binds to the two different MIPs. How-
ever the different surfaces on the MIPs exhibit different receptor
selectivities and temperature responses, that had been exposed
to macromolecular interactions under different physical environ-
ments, differentially expressing specific substrates, combined with
the peculiar anisotropic transport of charge or hole-dopant sign on
the solid material. The results of surface heterogeneity in both MIPs
suggests that the function of neural receptors is likely reflected in
the electronic energy differences of clozapine binding when incor-
porated in the two different MIPs, each probing a different binding
pocket site preferentially.
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Fig. 5. Top: fluorescence microscopy images of clozapine exposed to D-MIP and DS-MIP and control polymer (A.e = 340 nm, J.qps =440, 493 and 532 nm). Bottom: fluorescence
decay curves of D-MIP and DS-MIP and control polymer in the presence of clozapine with the addition of methacryloyl chloride and AIEN.

3.6. The correlation of spectral properties and phase contrast
images

The 'H NMR spectra of the structural component was obtained
to confirm that the component of interest was present on the sur-
face of all the polymers when the drug-polymer complexes were
exposed to the proteins and that it conferred the distinguishable
fluorescence behaviors of the overall molecular conformations.
Fig. 7 shows that, in the DS-MIP, a new 'H NMR signal appeared
in the product spectrum with a broad peak at ~6.5 ppm. This was
similar to that in the NIP. Meanwhile, this new signal at ~6.5 ppm,
attributed to the hypothalamic protein component on the surface
of the clozapine moieties, disappeared in the product spectrum
obtained from the D-MIP. A symmetric signal was located between
2.8 and 3.2 ppm with a lower intensity than those obtained with
the other polymers, and this correlated with the ethylene group
of clozapine. The broad peak of 'H NMR signal at 6-6.5 ppm was
assigned to a component of the neural proteins within the DS-MIP,
as compared with the NIP. These results indicated that the thermal
motions of the protein affected the specific dynamic networks to
enable molecular function at the interaction sites. This might serve
to avoid altering the residues of the drug, stabilizing them through
binding. Meanwhile, the specific binding of drug to the native
receptor on the surface platform, that contained the complemen-
tary cavity with added zinc, was completely prevented in D-MIP.
Assembling stable enough yielded a specific molecular environ-
ment, and the fluorescence spectra should never be switched, that
itis reflected in a precisely defined binding site assembled function-
alities oriented on the surface of proteins exposed to MIPs. Despite
this, the microprobe for a functionalized assembly was capable
of producing distinguishable fluorescence spectra and intriguing
temperature dependences for the adaptive interaction sites. This
assay is likely to be useful for studying the control dynamics of the
protein’s thermal sensitivity.

3.7. Reaction products of receptor signaling cascades

We next evaluated whether the existence of a different assem-
bled structure affects the photoresponse temperature-dependence
of the receptor protein adsorbed on the binding site. We also eval-
uated whether this interaction affects clozapine binding and leads
to altered functional receptor signaling cascades. Fig. 8 shows fluo-
rescence microscopy images of clozapine exposed to the two MIPs
or NIP, after incubation with and without protein. The adsorbed
protein exposed to clozapine and the additional zinc in the D-MIP
exhibited the same topographical images of agglomerated small
particles before and after the added zinc addition. However, with
zinc addition, there was a small amount of a fine precipitate with
phase separation and the objects turned a darker deep blue. This
indicated that the specific adsorption of the protein in the presence
ofzing, resulting in a more dense surface coverage when exposed to
either MIPs. The essential characteristic indicated a close molecular
distance between the nuclear particles on the protein MIP interface.
This may be very small and the increase results in precipitates.
For the D-MIP, a minimum number of finely divided precipitates
on the surface of protein are well packed and homogenous. There
were narrow pockets for sufficient binding to zinc, formed with a
well-defined phase separation as shown in Fig. 8, confirming the
biological identity of the resultant particle. In addition, the NIP
(Fig. 8) displayed incomplete coverage of the drug before the addi-
tion of ZnCly, and phase separation was clearly evident. When zinc
was added to the protein, the incubation with the MIPs was com-
patible and could be tunable by virtue of a strong surface protein
adhesion. The relevance of the protein binding site to the process
or any reaction product synthesis formed relating to the distribu-
tion of drug on the receptor, where yielded a yellow fluorescent
image distinctly appeared, which deepened the color of the fluores-
cence image from the DS-MIP in contrast to the D-MIP, or the NIP.
Previous reports showed that protein synthesis-dependent activa-
tion was affected by dopamine, a neurotransmitter that plays an
important role in the neural response and synaptic plasticity [42].
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Fig. 8. Fluorescence microscopy images of clozapine exposed to the MIPs and NIP when it added to zinc, or with protein with and without zinc.

Changes in the complement system in signaling, causing down
regulation of cascades and inducing protein denaturation, has been
described [43]. Manipulation of complement activation might be a
suitable means to evaluate whether the cavity possessed antag-
onistic receptor functionalities. As shown in Fig. 9, the energy of
the MIP loaded clozapine in the absence of the hypothalamus pro-

tein was relatively increased in the DS-MIP so that it was higher
than the D-MIP and comparable to that for the NIP, but lower for
all these in the presence of protein. It was remarkable that when
the zinc was added to the protein the energy was more greatly
increased for the DS-MIP and the D-MIP compared to the control
polymer. Also, the % oxygen for the NIP was negligible after incuba-
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Fig. 9. The effect of the clozapine before and after adding zinc on the altered energy in the absence (left) and presence of the hypothalamus protein (right) in the imprinted

polymers and control polymer.

tion with the protein, while both the D-MIP and DS-MIP exhibited
an increased® oxygen by approximately 5%. The addition of zinc to
the clozapine in the MIP exhibited a marked increase in the % nitro-
gen but only for the D-MIP (2.5%). By comparison, NIP had a similar
effect whereas D-MIP was less effective. This result suggested that
induced the exposed protein with an increase of the adsorbed oxy-
gen species higher than that of the nitrogen species, which those for
D-MIP being higher, and this was accordance to the pore volume of
D-MIP was the lowest among the other polymers. Also, this result
indicated the thermal energy conversion use heat in the presence
of oxygen and the substances associated to the N species because of
exogenous zinc can coordinate to oxygen [44]. The decay processin
the active site of DS-MIP was prolonged more than in that of D-MIP,
resulting in a relatively higher free Zn2* at the surface. In contrast,
D-MIP produced free Zn?* at levels similar to NIP much lower than
when clozapine was associated with DS-MIP. These results are con-
sistent with a negligible or weak charge transfer when clozapine is
associated, either with or without the additional protein receptors,
with the NIP control polymer. These results suggests that hypotha-
lamus receptor-clozapine complexes induced generated O and N
species in the neural proteins that expressed the pharmaceutical
effect of this atypical anti-psychotic drug on the basis of the pat-
tern of the neural proteins that became adsorbed on the surface of
MIPs.

3.8. The model of differential binding of MIP-drug assembly
suggests the structural variation within the protein

A suitable model to address the specific interactions of these
biological macromolecular systems is needed to help interpret
the relevant interactions between the protein and clozapine in
the imprinted cavity. Structural molecular modeling for the two
MIPs when exposed to the biological receptor. Fig. 10 shows the
temperature-dependence of the neural response, indicating clos-
ing or opening of the receptor-activated channel, the activation
of the hypothalamus membrane protein-clozapine complexes is
likely related to the differed adjustable surface of the engaged
functional motifs among the MIPs. The gating effect on the mem-
brane protein and dopamine receptors plays a major role in either
the connection of neural functions or reward-mediated behav-
ior. The affinity distribution spectra, obtained from fluorescence
emission data, illustrated the relationship between the substrate
binding properties and molecule environment that induced the
interactions of binding site and the drug within the cavities. As a

consequence, the dopamine receptor antagonist, clozapine in MIP
assembly, constructed in the presence of zinc, engages a bind-
ing pocket as that in this case, the minor structural differences
indicating a clear difference in the fluorescence responses can be
induced by temperature-dependent molecular interaction. How-
ever, MIPs have a small impact in the selectivity of the neural
signaling protein. Much faster decay process at greater than 310K,
because of additional thermal energy effects, altered the interac-
tion of the surface adsorbed species of the protein with exposure of
the clozapine in DS-MIP. The coupling interface through the molec-
ular orientation and protein corona is highly sensitive, promoting
faster transport kinetics and change of the physical features. The
'H NMR, imaging and SEM results indicated that the change in
the microscopic environment surrounding the protein contributed
to photoresponse behaviors strongly dependent on temperature,
an observation likely related to the surface recombination pro-
cess [45]. These observations revealed the relevant interactions
between the protein and the substrate in the active protein bind-
ing pockets. The spatial separation of the conformation identified
by functional materials on the DS-MIP highlighted the crucial motif
of the neural protein, that is, like a lock that favors drug binding.
Hence the materials on the DS-MIP had the ability to influence ner-
vous system function. However, these circumstances were made to
study the neural system and bias of the signaling pathways elicit-
ing by the dopaminergic antagonist clozapine having the activities
of partial subtypes exert efficacy by interacting with the refined
binding site that was much more complex. The important finding
was that the remarkably assembled structure of the clozapine-
MIP, at temperatures greater than 310K, did not show a shift in
fluorescence spectrum. This spectrum, dominated by the clozap-
ine structure, showed a slower decay process and recombination
dynamics that also altered the accessibility to the proteins. Conse-
quently, the dynamic process of the recombination process was
increased by temperature, potentially promoting more excitons
and increased trapping of free carriers in the D-MIP.

The therapeutic potential of a receptor can be increased by the
ability to tune the neural sensing protein for responses in the pres-
ence of external temperature that drive the drug access into the
protein. In this manner, MIPs can be used for manipulation of the
neural function, just being in active or inactive states, the recep-
tors in the hypothalamus modulating the connection between the
related counterparts of receptor and the regulation by them. The
observed effects due to the substrate-binding of anti-psychotic can
potential effective role of the protein modality in the neural func-
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of protein solid interaction in the presence of the additional zinc.

tion that played a crucial role in the specialized functions of the
neural signaling protein. This influence from the receptors of the
hypothalamus is responsible to homeostasis controls through the
effect of light and temperature regulation, and also the alteration
of perturbed species in the nervous system. A better understand
of the role in temperature homeostasis that has profound impli-
cations on energy homeostasis due to relationships between the
energy metabolism and energy regulation [46]. This approach will
allow for therapeutic strategy by that application of a tool to shed
light on the specific functional modality in the nervous system that
are affected by functional motifs from substructure of molecular
environment in the neural signaling protein. Overall these results
should be of interest to the pharmaceutical industry or to others
interested in developing improved drugs for the nervous system.

4. Conclusions

In this study, we have compared substrate-binding prop-
erties and clozapine release from rat hypothalamus-derived
receptor-drug complexes using two MIPs in vitro. We have shown
that the approach can be applied for a reproducible assembly
targeted on the action of an ensemble of anti-psychotic drug cloza-

pine at receptor sites and their increased well-defined domain
and connections to closely related counterparts of the receptor.
Also, the markedly higher free Zn?* and increase the exposed pro-
tein with the adsorbed oxygen on the Zn?*, induced by clozapine
that allowed the additional benefit in pharmacological effects of
this drug. Because this can precisely manipulate specific molecular
interactions that mediate nervous system function. An alternative
advantage of this approach is for the identification of the high
affinity complexes, perhaps existing in the drug-substrate binding,
particularly in the hypothalamus. By using molecular imprinting
and applying it as a structure-capture tool provide to process of
key importance relevant to temperature homeostasis. Therefore,
MIPs can be novel tools to probe for small molecules that interact
with a neural sensing protein in hypothalamus. Their use can illu-
minate subtle processes of therapeutic relevance, by controlling the
temperature that provides for monitoring the neuronal activity and
its neuro plasticity. The interactions with hypothalamic proteins,
mediated more complex function, particularly in a well-defined
site of protein domains that have emerged the central activities to
the differentiation of distinct neural responses. This approach can
accelerate discovery of the neuroleptic potential of drugs or new
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drug candidates, enabling functional selectivity and, thus, reducing
the risk of potentially dangerous side effects.
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Highlights for review

- Design of first MIP for dopaminergic D1R receptor.

- Characterization of binding properties of such MIP in native form as well as in the
presence of DI1R agonists and antagonists.

- Competitive binding assays of DIR MIP with agonists and antagonists.

- The approach resulted in label-free competitive binding assay leading to similar results

as established radioassays.
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Abstract

Molecularly imprinted polymers (MIPs) have been successfully applied as selective
materials for assessing the binding activity of agonist and antagonist of dopamine D1
receptor (D1R) by using quartz crystal microbalance (QCM). In this study. DIR derived from
rat hypothalamus was used as a template and thus self-organized on stamps. Those were
pressed into an oligomer film consisting of acrylic acid: N-vinylpyrrolidone: N,N'-(1,2-
dihydroxyethylene) bis-acrylamide in a ratio of 2:3:12 spin coated onto a dual electrode
QCM. Such we obtained one D1R-MIP-QCM electrode. whereas the other electrode carried
the non-imprinted control polymer (NIP) that had remained untreated. Successful imprinting
of DIR has been confirmed by AFM. The polymer can re-incorporate DIR leading to
frequency responses of 100-1200 Hz in a concentration range of 5.9 to 47.2 uM. In a further
step such frequency changes proved inherently useful for examining the binding properties of
test ligands to DIR. The resulting mass-sensitive measurements revealed K; of
dopamine-HCl, haloperidol. and (+)-SCH23390 at 0.874, 25.6. and 0.004 nM, respectively.
These results correlate well with the values determined in radio ligand binding assays. Our
experiments revealed that DIR-MIP sensors are useful for estimating the strength of ligand
binding to the active single site. Therefore, we have developed a biomimetic surface
imprinting strategy for QCM studies of D1R-ligand binding and presented a new method to

ligand binding assay for DIR.

Keywords: Molecularly imprinted polymer: Dopamine receptor, Quartz Crystal

Microbalance, ligand binding assay.



101

Introduction

DIR is a protein found in different locations in the brain of vertebratae, such as
caudate putamen, nucleus accumbens olfactory tubercle. frontal cortex. habenula, amygdala,
hypothalamus and thalamus. Previous studies have shown that its molecular mass is 49 to 75
kDa (Huang et al.. 1992: Worsley et al.. 2000: Diaz et al., 2014). Moreover, DIR is important
in the central nervous system and influences motoric control, cognition, neuroendocrine
functions. and neuronal differentiation (Blenau et al.. 1998:; Ricci et al.. 2006). The active
sites of DIR have become the most important target proteins in the development of anti-
psychotic agents or new drug candidates (Guttman, 1992: Goldman-Rakic et al.. 2004:
Horacek et al.. 2006). Anti-psychotic drugs substantially affect most dopaminergic receptors
in the prefrontal cortex (Hummel and Unterwald, 2002). The functional affinity of a ligand
for DIR is associated with the exact three-dimensional structure of the binding pocket in the
protein receptor. The aim of this study has been to establish a molecularly imprinted polymer
(MIP) for D1R. By such means it should be possible to assess the biological activity of small
molecules — DIR antagonists in this case —via QCM sensors. This is based on the assumption
that if binding changes the conformation of DIR. it should be possible to establish a
biomimetic ligand binding assay. The basic outline of the approach is given in Fig. 1. The
rationale behind the approach is that MIP cavities should more preferably bind pure DIR,
than its receptor-ligand complexes. Normally, ligand binding assays are used for finding
novel drugs and include radioactive and non-radioactive protocols. Most bioassay
technologies thus require labeling of either ligand or receptor (de Jong et al.. 2005). The
affinity of test compounds for the target can be determined from their ability to displace a

marker from the target (Hofner and Wanner. 2003).

[FIGURE 1]



102

The QCM is the most common mass-sensitive sensor used in biosensor
applications (Bunde et al.. 1998: O’Sullivan and Guilbault, 1999). Typically, QCM consist of
thin quartz discs containing one or more metal electrode pairs on their opposite faces. The
change in mass on the quartz surface is related to the change in frequency of the oscillating

crystal. as shown by the Sauerbrey equation (1).

— 2r? - _
Af = —m Am = —=C:Am (1)

Here. Af is the frequency shift. Am the mass change. fis the intrinsic crystal frequency. pgis
the density of the quartz, and u,is the shear modulus of the quartz film (Baltus et al.. 2007).
MIPs have been used as selective materials for numerous biosensors (Dickert et al.. 1996;
Dickert et al.. 2000: Apodaca et al., 2011: Sontimuang et al., 2011: Latif et al., 2014). They
contain highly selective cavities in a crosslinked polymer. Those are generated during
polymerization in the presence of the template and mimic its three-dimensional shape and
chemical characteristics. A wide range of templates are possible. including macromolecules,
such as proteins (Bonini et al.. 2007; Yola et al.. 2014). The main advantage of biosensors is
the ability to monitor the reaction between bio-selector and analyte in a rapid and sensitive
manner (El-Sharif et al.. 2015). However. proteins are delicate and sensitive templates. Hence
the type of substrate and the procedures used during the polymerization process can strongly
affect efficiency of protein recognition in the final MIP. Some successful strategies leading to
protein MIP include silica-based materials (Glad et al.. 1985. Lee et al. 2007).
immobilizations (Shi et al.. 1999: Guo et al.. 2006: Tan et al.. 2008). grafting on surfaces (Li

et al.. 2008). and surface imprinted polymers (Phan et al., 2014).

Materials and methods

Chemicals and reagents
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Acrylic acid (AA) was obtained from Merck (Hohenbrunn. Germany). N-
vinylpyrrolidone (NVP), acrylamide (ACM) and Coomassie brilliant blue were purchased
from Sigma-Aldrich (Steinheim., Germany). Methacrylic acid (MAA)., NN-(I,2-
dihydroxyethylene) bis-acrylamide (DHEBA), 2,2-azobisisobutyronitrile (AIBN), bovine
serum albumin (BSA)., S5-(dimethylamino) naphthalene-/-sulfonyl chloride (or dansyl
chloride), dopamine HC1 (D) and (+)-SCH23390 (SCH) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Sodium dodecyl sulfate (SDS) and #is—HC1 were purchased from
Aldrich Chemical Company (Milwaukee, WI. USA).Protease inhibitor cocktail was obtained
from Sigma-Aldrich (St. Louis. MO, USA). Haloperidol (Ha) is a working standard substance
(Ph.Ewr/BP. 100%). batch no. LHAP-7/f/150. Biorex-70 resin (batch no. L143-5832) was
from Bio-Rad Laboratories Inc. (California, USA) and full-range rainbow molecular weight
marker (M;12000-225000) was supplied by Amersham™ (Buckinghamshire. UK). Solvents
were purchased from Lab Scan Ltd, Dublin, Ireland. All reagents and solvents were of either

analytical or HPLC grade.

Preparation of template protein

DIR was isolated form hypothalamus (Wistar rats both sexes, 200-210 g
weight) with permission from the Animal Research Ethical Committee at Prince of Songkla
University (Ethic Ref no. 30/2014). The protein receptor was removed and homogenized in
cold buffer at pH=7.4 (0.32 M sucrose, 50 mMis-HCL, 0.5 mM Na,EDTA. 0.1% ascorbate
and phosphate buffer) containing protease inhibitor (10 pL mL™). The homogenate was
centrifuged at 1,000 rpm for 10 min to remove rough debris. The supernatant was
resuspended in buffer and centrifuged again at 43,000 rpm for 20 min. The obtained pellet
was purified with a Biorex-70 resin on the column and eluted with physiological buffer. 0.5
M NaCl and 1 M NaCl in buffer. The resulting solution was freeze-dried to obtain the

dopamine receptor (Senogles et al.. 1988: Naklua et al.. 2015). The isolated DIR receptor
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was examined by SDS-PAGE using 3% and 12% polyacrylamide gels under non-reducing
conditions after staining with Coomassie brilliant blue. These experiments revealed M~
52.000 observed against a full range of rainbow molecular weight markers. The receptors
were kept stabilized by protease inhibitor cocktail and storage at -20 °C. Moreover. the

concentration of D1R was estimated according to Bradford using BSA as the standard.

Synthesis and screening of D1R-imprinted polymers

In the first step we studied the optimal conditions for non-covalent imprinting. Suitable
functional monomers. cross-linker. initiator, and solvent were screened and selected. Based
on the amino acid pattern of the DIR protein surface, the weight ratios of AA, MAA. ACM.
and NVP as functional monomers, respectively, were varied as follows: AA'NVP = 2:3 and
3:2, MAANVP = 2:3 and MAA:ACM = 1:1. DHEBA was applied as a cross-linking
monomer and AIBN as initiator. The mixed monomer solution was heated at 55°C in a water-
bath for pre-polymerization until approaching the gel point (180-300 min). The pre-polymer
layer was prepared by spin-coating onto a glass slide at 2,000 rpm for 1 min. The protease
inhibitor cocktail necessary for storage was removed by dialysis in PBS buffer leading to
pure DIR protein. Template stamps were prepared by coating SuL of a solution containing 8
mg/mL of pure DIR in PBS buffer onto 5x5 mm glass substrates (1.0-1.2 mm thickness,
smooth and ground edges with 90 degree shapes, Sail Boat Lab Co., Ltd., China) and keeping
at 4 °C for 20-60 min to sediment. Then, the DIR template stamp was pressed into the pre-
polymer layer followed by thermal polymerization at 60 °C for 14 hours. MIPs were tested
for successful washing and the presence of binding sites after each of the following steps.
respectively: Before and after rinsing MIP with 10% acetic acid, 1%SDS, and water. UV-Vis
photometry was used for assessing protein binding by the layers via so-called xanthoprotein
reaction: first, we dropped concentrated nitric acid onto the test sample. HNO; reacts with

tyrosine and tryptophan present in the template protein and leads to yellow reaction product
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as shown in Fig. 2A. Then. samples were heated to 60 °C. In the presence of proteins this
protocol yields a yellow product that absorbs at 330-450 nm. The experiments showed that
template protein molecules remain in the MIP surface immediately after synthesis and can be
removed by rinsing sequentially with 10% acetic acid, 1% SDS, and water. The best
monomer for the generating of DIR-MIP was selected for QCM from an optimal formation
of binding site on the protein in this screening experiment. Topographic images were

obtained on a Veeco Nanoscope 8. (Bruker Instruments, USA) AFM in contact mode.

[FIGURE 2]

QCM manufacturing and measurements

For device manufacturing, commercially available 10 MHz AT-cut quartz plates
(diameter 13.8 mm, purchased from Great Microtama Industries, Surabaya, Indonesia) served
as basis. Onto those, we screen-printed dual electrode structures on both sides of the quartz
substrate with brilliant gold paste, GGP 2093-12%. from Heraeus. Germany. They were burnt
at 400°C for 4 hours to obtain QCM with resonance frequencies in the range of 9.90-9.99
MHz with low damping (>-5 dB). Two-electrode QCM were used for comparing MIP and
non-imprinted polymer (NIP) signals (Phan et al.. 2014)

For measurement, QCM were mounted in a custom-made sandwich cell and contacted
to an oscillator circuit read out by a frequency counter (Agilent 53131A. 225 MHz Universal
counter, Colorado, USA). Resonance frequency as a function of time was read out to a
computer by the means of a Lab View routine. Damping spectra of each QCM were
determined by network analyzer (Agilent Technologies ES062A, TX, USA). Affinity of DIR
to recognition cavities on DIR-MIP was determined by adding DIR with either stabilizer or
BSA solution. These sensor systems were also tested in phosphate buffer to measure

dopamine receptor-ligand binding assays at 17-18 °C.
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Receptor-ligand binding assay experiments

During receptor-ligand binding assays, we simultaneously exposed DIR MIP-coated
QCM to DIR and one of the following test compounds: 47.2 uM of D. Ha and SCH in PBS
(from stock solution 0.15 pg/mL). In a next step. both DIR-MIP and NIP electrodes were
first exposed to D1R solutions until stable baseline was reached. Then non-binding D1R was
removed. For exposure test, each compound, i.e. D, Ha and SCH, respectively, was flushed
through the cell . Solutions contained 1.20 to 70.8 pmol/LL of the respective compound in

increasing concentrations. Each experiment was repeated three times at 17+1°C.

Results and discussion
Synthesis and layer properties of DIR-MIP

DIR contains both polar and non-polar domains: the transmembrane consists of
hydrophobic amino acids. such as leucine. methionine, phenylalanine. and valine: The outer
surface of the molecule protruding from the cell membrane contains hydrophilic amino acids.
such as aspartate, arginine. glutamate. and lysine. Therefore, one can expect that DIR orients
itself on the stamp surface in a way that the 7 transmembrane o-helices of DIR preferably
point towards the stamp surface as illustrated in Fig. 1. Initial experiments (details not shown)
revealed optimal layer composition of 2:3:12 of AA:NVP:DHEBA lead to highly appreciable
sensor signals on QCM.

Fig. 2B shows the UV absorption spectra of the optimized MIP following xanthoprotein
reaction after different experimental steps. respectively. The results clearly show that DIR-
MIP contain observable amount of protein after imprinting. Those protein molecules have
obviously detached from the stamp. The results indicate intrinsic stability of the DIR protein
during self-organization on the stamp surface followed by stamping and thereafter

polymerization. To assess the rebinding ability of MIP, we incubated it with DIR solutions
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and detected any protein re-incorporated with the same procedure as before. Obviously, the
protein maintained its original conformation and underwent very limited change in structure,
if any, because rebinding on D1R-MIP could clearly be observed. It is noteworthy that such

MIP can be re-used several times (at least five times per one experiment).

Layer height of DIR-MIP-QCM

Layer height of the polymer could play a role in changing the exact structure of the
adsorbed protein during the imprinting and polymerization processes. According to previous
experience a frequency shift after coating of Af=1 kHz on QCM corresponds to a layer
height of 40 nm (Seidler et al.. 2009: Igbal et al.. 2010; Kotova et al.. 2013). The resulting
linear relationship between different volumes of pre-polymer used during coating and
corresponding layer height is shown in (Fig. 2C). Both DIR-MIP and reference polymer
layer showed similar frequency change on the QCM. However. DIR-MIP layers were
slightly thinner than corresponding NIP, which can be traced back to both the stamping

procedure und template removal.

AFM studies of DIR MIP
AFM images shown in Fig. 3 depict DIR protein stamp, MIP, and NIP, respectively.

The stamp image reveals structures that are roughly 50-100 nm wide and about 125 nm high.

[FIGURE 3]

Comparing this with the size of a single D1R protein molecule of 3.3 x 4.5 x7.5 nm (protein
data bank with PDB ID: 10ZS5). it becomes evident that polymer aggregates form on the
surface. However, in terms of imprinting that is no problem. The protein hence has been

deposited in almost “brush-like” three-dimensional structures, which increases the surface



108

area and results in a large number of accessible binding sites in the MIP. This is confirmed by
AFM images of MIP that show cavities and ridges in between them that are closely related to
the dimensions of the DIR stamp. Finally, NIP shows only minor structures and completely
different morphological features, which clearly confirms generation of binding sites in the
polymer by the protein. This is also strong indicative that there should be binding cavities

once the protein molecules are washed off the surface.

QCM sensor measurements

Fig. 4 summarizes the frequency shift of DIR-MIP on10 MHz QCM on exposure to
different concentrations of DIR, both pure(marked * in the image) and mixed with stabilizer
(marked **) or BSA (marked ***). Obviously, the MIP and NIP electrodes react in
fundamentally different manner: whereas the MIP-coated electrode shows shifts to lower
frequency - the expected Sauerbrey behavior - the NIP-coated electrodes reveal slight
frequency increases. First of all. the MIP frequency shifts are caused by analyte-MIP
interactions that remain undisturbed even by the presence of BSA in the sample solution. In
terms of quantification, the results are very promising: the highest sensor signal of ~-800 Hz
was obtained with 47.2 yM DIR in PBS both with and without 10 pL/mL stabilizer.
Similarly, we observed ~-420 Hz for 23.6 uM. ~-170 Hz for 11.8 uM and ~-100 Hz for 5.9
puM in the presence of BSA. These results confirm that neither protease stabilizer. nor BSA
had any effect on the MIP sensor signal. Hence. imprinting turned out successful. In contrast
to this. the frequency increases observed on the NIP do not depend on concentration, but
reveal usual behavior of QCM coated with rather smooth surfaces towards proteins or cells
(Wangchareansak et al., 2011). This is further summarized by the sensor characteristics

shown in the bottom part of Fig. 4.

[FIGURE 4]
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In a next step we tested cross-sensitivity of the system towards the ligands/antagonists
of DIR. which is necessary information for receptor-ligand binding assays. When exposing
the sensor to 47.2 uM of D, Ha, and SCH. it turned out that haloperidol and SCH lead to only
small frequency changes. but dopamine-containing samples (D) still yielded frequency shift
of about -250 Hz. as can be seen in Fig. 5. The ligand-target interactions for D1R-MIP can
therefore be analyzed on the QCM sensor. The results shows that the potent dopaminergic
agonist, D, was significantly adsorbed both MIP and control polymer. Both antagonists. i.e.
SCH and DIR display almost no difference in sensor response between the MIP and the NIP

indicating only nonspecific binding of those compounds to the sensor layers.

[FIGURE 5]

Because no significant interferences are to be expected. D1R-MIP based-QCM can be
utilized for assessing competitive ligand binding between DIR in solution and these ligands:
for that purpose DIR solutions in PBS were incubated with. D, Ha. or SCH. As can be seen
in Fig. 5, the MIP even yields somewhat higher sensor responses for DIR incubated with
dopamine than for pure D1R. though the difference is not statistically significant. This may
be assigned to the increase in mass by incorporating dopamine. On the other hand the two
antagonists give rise to substantially lower sensor responses indicating that antagonist Ha and
SCH bind to DIR outside the dopamine binding pocket and thus change overall morphology
or surface chemistry of DIR. These results hence give clear evidence that DIR MIP are
actually useful to distinguish between free receptors or DIR containing dopamine and
inhibited D1R, respectively. To the best of our knowledge this is the first attempt actually
proving this ability. Furthermore it should provide the opportunity to rational process
development of anti-psychotic drugs due to its ability fo test able fo particular target

interactions for the binding of ligands and selectivity of receptor conformation.
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The protein receptor-ligand interactions by the DIR-MIP-QCM

In a next step towards MIP-QCM ligand binding assays. the sensors were first exposed
to DIR until reaching equilibrium. Then. defined amounts of agonist and antagonists,
respectively were added step by step until QCM signals reached equilibrium again. Fig. 6

summarizes the QCM frequency responses for these experiments.

[FIGURE 6]

Moreover, ECsp values for each compound were calculated by equation (2).
Dissociation constants (Ky) and the density of binding sites (Bmax) were calculated from
saturation isotherms of specific binding (3) by the means of non-linear fitting in Sigma plot,
frequency shift(on the Y axis) vs. log (test compound) (on the X axis).

(max—min)

Yy = min+ Ti10% Io0ECse

@
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— )
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Overall, Ha and SCH. which are known antagonist to DIR. lead to similar
competition values that correlate well with the values determined in radio ligand binding

assay using [’H] SCH 23390. ICso of Ha = 620 nM and K4 of SCH = 0.53 nM (Hofner and

Wanner, 2003) and previous studies as presented in Table 1.
[Table 1]
The cavities of DIR-MIP undergo H-bond or other intermolecular interactions between the

carboxylic group (—COOH) of AA and the carbonyl group (C=0) of NVP with amino groups

on the surface of the dopamine receptor. Moreover. the crystal structure of dopamine
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receptors as shown in protein database have more than two active sites that can bind with
ligands. in the stabilization of particular conformation stage leading to greater selectivity of
ligands. Therefore. the test compounds can be assumed to bind to various/different sites on
immobilized receptor. The QCM data also indicated that D and Ha may bind to the same
active site that it is easier for ligand to enter. It is known that D is smaller and more strongly
polar than Ha lead to stronger interactions between the H-bond donors and the amino groups
of the receptor active site. Therefore as much ligand as possible is directly attached with
lower dissociation constant. The results showed that this MIP-QCM sensor can detect ligands
that showed affinity to D1R. However. some ligands that have low affinity cannot be detected
in lower concentration. The ligand bindings of D1R-MIP-based QCMs that however. they
differed from the drug reaction in the vivo due fo their transient nature and heterogenous

mixture within assembled structure associated with the potency.

Conclusions

Overall DIR-MIP proved highly useful for binding the protein selectively.
which leads to corresponding frequency shifts on QCM. In terms of sensing DIR. the
approach is merely of theoretical value, because the protein is bound to cell surfaces.
However, the MIP has proven useful to distinguish between the free receptor and receptor-
dopamine complexes on the one hand and receptor-antagonist complexes on the other hand.
Based on those experiments. this work to the best of our knowledge hence represents one of
the first attempts to utilize MIP for assessing receptor-ligand binding assays. This in principle
allows to mimic processes in the neural signaling pathway and may open up doors to
understand the neurophysiology as a result in specific functional regulated on the receptors

that facilitate for searching of specific therapeutics.
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Legends

Fig. 1: Schematic synthesis strategy for DIR-MIP and NIP on QCM electrodes.

Fig. 2: Xanthoprotein reaction (A), Rebinding screening via UV-Vis on MIP and NIP (B) and
thickness (C) of MIP and NIP materials on gold electrode (n = 3) as determined by
AFM.

Fig. 3: Topographic AFM images of DIR. DIR-MIP and NIP. respectively, on glass slides.

Fig. 4: QCM sensor responses for MIP containing different amounts of D1R in PBS buffer (n
= 3 for two surface). * DIR, ** DIR+10 pL/mL stabilizer, and *** DIR+BSA=1:1:
the lower part shows the sensor characteristic for DIR on D1R-MIP.

Fig. 5: QCM sensor responses of competitive ligand binding assays based on the D1R-MIP-
QCM to. D. Ha, and SCH before incubation with D1R (top) and unbound DIR after
incubation with 10% of test compounds (bottom). n = 3 and using analysis of variance
.+ P<0.05 and + P=0.05 of the difference between test and DIR.

Fig. 6: QCM response to direct attachment of DIR. followed by exposure to test compounds.

D. Ha. and SCH.

Table 1: By Ka. and ECs values for test compounds to dopamine D1 receptor from rat
hypothalamus using DIR-MIP-QCM and reference value.* dopamine D1 receptor

from Homo sapiens and + dopamine D1 receptor from Sus scrofa.
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Figure 1: Schematic synthesis strategy for DIR-MIP and NIP on QCM electrodes.
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Figure 3: Topographic AFM images of D1R, D1R-MIP and NIP, respectively, on glass slides
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Test compounds Bhax K; ECs IC5q or ECsp(1ef)
(nM) (nM) (nM)
Dopamine 242 0.874 517x10° | 5000 (Mottola et al.. 1996).
39* (Risgaard etal., 2014)
Haloperidol 242 257 1904 550 (Torio et al.. 1987).
620" (Hofner and Wanner. 2003)
(+)-SCH23390 | 43.0 0.004 0.283 0.57 (Brewster et al.. 1995).

0.60* (Sun et al.. 2013)

Table 1: B,,,,, Ky, and ECsovalues for test compounds to dopamine D1 receptor from rat

hypothalamus using D1IR-MIP-QCM and reference value,* dopamine D1 receptor from Homo

sapiens and + dopamine D1 receptor from Sus scrofa.
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Abstract- The purpose of this work was to synthesize the butyrophenone-type ligands in molecularly imprinted
polymer (MIP) nanovessel compared among the mould reactions in dual dopamine/serotonin-MIP (DS-MIP) and
single template dopamine-MIP (D-MIP) and also the control reactions with nonimprinted polymer (NIP). to study
about effect of binding site to the synthesis. by used 1-chloro-(4’-fluorobutyrophenone) reaction with tyramine,
benzylamine, phenylethylamine and phenylalanine methyl ester using alkylation of primary amine reaction and
characterize dopamine/serotonin receptor ligands by spectroscopic methods. The preparation of MIP was
successfully developed to use in this study. The '"H NMR and n/z together with the data from FT-IR revealed
stronger complexation of primary amine and 1-chloro-(4’-fluorobutyrophenone) afforded 4-(4-hydroxy-
phenethylamino)-1-(4-fluorophenyl)butan-1-one.  4-(2-(6-(4-(4-hydroxyphenethylamino)phenyl)-2H-1.2-oxazin-2-
ylethyl)phenol, 4-(benzylamino)-1-(4-(benzylamino)phenyl)butan-1-one. 1-(4-fluorophenyl)-4-(phenethylamino)-
butan-1-one.  4-chloro-1-(4-(phencthylamino)phenyl)butan-1-one  and methyl  2-(4-(4-fluorophenyl)-4-oxo-
butylamino)-3-phenylpropanoate.

Introduction

A number of different approaches in drug discovery and design have been proposed that includes dynamic
combinatorial chemistry. stepwise target-guided synthesis and kinetically controlled guided synthesis. Molecular
imprinting can be characterized as a synthetic method toward the formation of a polymerizable performed
compounds already known to have biological activity [1]. The approach is given by molecularly imprinted polymers
via template-guided synthesis in a self-assembly mode they have advantages including easier preparation method
and higher physical/chemistry for a wide range of experimental conditions such as pH. temperature and solvent.
Only building blocks that adhere to the existing MIP’s binding sites react with each other to from bioactivity
compounds mimicking the original template that simultaneously access multiple binding sites within the polymer of
molecular recognition. These template-guided approaches avoid the classical screening of large compound libraries
altogether. and hit identification can be as simple as determining whether a MIP gives combination of building
blocks has resulted in a product. The atypical antipsychotic shown to be beneficial for negative symptoms and
cognitive function with low extrapyramidal side effects liability has spurred interest of the development of
compounds that have high affinity for both dopamine and serotonin receptor. The binding sites of a MIP, are used as
molecular-scale reaction vessels fo direct the synthesis of multi-acting receptor-targeted compounds [2.3]. In the
study. approach with MIP-assisted selective syntheses the imprinted sites consisted of a reactive moiety that could
be temporarily linked to a final synthesized compound, leaving the unprotected functional groups to be chemically
modified.

The aim of this work was to synthesize a dopamine/serotonin receptor ligand by use of various amine structures as
building blocks similar to dopamine. which is the template for the synthesis of MIP, reaction with 1-chloro-(4°-
fluorobutyrophenone) (see Scheme 1). The compounds from the synthesis will have the same or different biological
activity from template.

Materials and Methods

1) Materials: Dopamine hydrochloride, serotonin hydrochloride, N N’-methylenebisacrylamide (MBAA),
methacrylic acid (MAA). acrylamide (ACM). 1-chloro-(4’-fluorobutyrophenone). benzylamine, phenylethylamine.
tyramine and phenylalanine methyl ester were obtained from the Sigma-Aldrich Chemical Company (Milwaukee,
WI, USA). 2.2°-Azobis(isobutyronitrile) (AIBN) was purchased from Janssen Chimica (Geel, Belgium). All
solvents were analytical grade and MAA was purified by distillation under reduced pressure before use. IR spectra
were obtained by FT-IR spectrometer (Perkin-Elmer system 2000, Perkin-Elmer. Beaconsfield. UK). '"H NMR
spectra were acquired on Fourier Transform NMR 500 MHz spectrometer (Unity Inova. Varian. Germany) and
Mass spectra were obtained by using Liquid chromatograph—Mass spectrometer, 2690, LCT, Waters, Micromass,
UK.

2) Method I: The molecularly imprinted polymers (DS-MIP, D-MIP and NIP) were prepared using methacrylic acid
(MAA) and acrylamide (ACM) as functional monomers and N, N-methylene bisacrylamide (MBAA) as cross-linker,
according to the previously described method [4] as shown in Scheme 1(A). Monomeric mixtures dissolved in 80%
methanol in water. The mixtures were sonicated to ensure total dissolution of reactants. purged with nitrogen then
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sealed and incubated at 60 “C for 24 h. The resultant bulk polymer was ground in a mortar and sieved through a 100
mesh-sieve. The polymers (D-MIP, DS- MIP and NIP) were washed with a mixture of methanol and acetic acid
(9:1) on a glass filter and washed with methanol to remove templates from polymer, and finally dried at room

temperature.
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Scheme 1. (A) Schematic diagram of the preparation of the MIP. (B) Chemical synthesis in molecularly imprinted
polymer nanovessel. (C) Typical reaction in the mould reactions (D) Molecular structures of amines used to study
the mould reactions.

3) Method 2: The butyrophenone-type derivatives were synthesized by the nucleophillic substitution reaction using
MIP-nanovessel and amine compounds were dissolved in N, N-dimethylformamide (DMF) and incubated at room
temperature for 2 h. This solution was added 1-chloro-(4’-fluorobutyrophenone) and Na,CO;. The mixture was kept
stirring at 60°C. After 14 h, the suspension was centrifuged at 6000 G for 10 minutes. The polymer particulates were
extracted with 0.2%HOAc/MeOH and removed solvent to give the result compound. The synthesis of other
substances was prepared in the same way by using different substrates.

Results and discussion

Preparation of MIPs

The MIP material for further synthesis application was successfully produced by imprinting approach. Dopamine
and serotonin have a hydroxyl and amine group acts as a hydrogen donor-acceptor interactions with the nitrogen of
amine group of ACM and carboxylic acid group of MAA. The template molecules, dopamine and serotonin, forms
hydrogen bonds with the amide and amino groups of the templates. The surface morphology of MIP was observed
by scanning electron microscopy (SEM) in Figure 1. Imprinted polymers exhibited a rough surface of the particles
and the pore diameters were larger than NIP.

¢
2t

Figure 1. SEM micrograph » 300, * 15.000 and = 30.000 of non-imprinted polymer (a). D-MIP (b) and DS-MIP (c)
Synthesis of dopamine analogs
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The results from chemical synthesis in molecularly imprinted polymer nanovessel were obtained, as all the samples
were purified and LC/MS technique with selected ion mass. This analysis extremely easy to perform, allowing crude
reaction mxfures to be screened and products to be identified by their molecular weights. After incubating the
building blocks 1-chloro-(4’-fluorobutyrophenone) = bu and primary amine (benzylamine=B. phenylethylamine=Pa.
tyramine=Ty and phenylalanine methyl ester=Ps), in the in situ screening mode potential hits are identified by
looking for significant differences between the chromatograms of the molding reactions. The nucleophilic
substitution reaction in D-MIP, DS- MIP and NIP of Ty and Ps with bu by displacing of chlorine atom with amine
group but reaction of B. or Pa with bu only in either D-MIP or DS-MIP show attraction of -NH; fo chlorine atom.
However. amine group of the shorter side chain in B appeared to form product by displacing both halogen atoms.
Whilst longer phenyl side chain in Pa gave product in the molding reaction by displacing only at chlorine atom. in
contrast to coupling of Pa at fluorine group on Bu that was obtained in both the mold reactions and control reaction
with NIP. The structure elucidation of synthesized compounds was tested by FT-IR. "H-NMR and LC/MS. In the
frequency region of 3417-3400 cm™ (O-H or N-H stretching vibration) 1683-1650 cm™ was assigned to C=0
stretching vibration of ketone in butyrophenone, revealed the presence of one aromatic proton (& 6.81- 8.13),
methylene proton (8 2.00-3.79) and broad peaks of hydroxyl proton or proton of amine. The structure of results
was thus assigned in Table 1.

Table 1. Results from chemical synthesis.

Nanovessel Compound clogP AG IR(c m'l) TH-NMR m'z
(kJ/mol ( §ppm)

3.19 | -73.09 3417, 2481-2823, 8.02(r), 7.09 (r), 7.02 301.2

El

N

NP 1650, 1412, 1348, | (d). 6.81 (d), 3.79 (1), | C1sHaoFNO,
DMP - . 1052, 027-653 3.20 (br), 2.91 (s),

DS-MIP F 2.85 (). 2.60 (br),
4-(4-hydroxyphenethylamino)-1-(4- 2.00 (m),1.30 (s)

fluorophenyl)butan-1-one

PoH 5.49 - 3427, 2935, 1663, - 4133

D-MIP 1597, 1560, 1516, CoHagN203
1434, 1490, 1387,
1233, 1155,1102,

H”-©fx-° A 830, 662
]

4-(2-(6-(4~(4-hydroxyphenethylamino)-
phenyl)-2H-1,2-oxazin-2-

yl)ethyl)phenol
@_\ /_@ 408 [ 528.66 | 3428,2934,1661, | 8.02 (1), 7.09 (r), 7.02 3582
D-MIP e 1598, 1459, 1391, | (d), 6.81(d),3.79 (1), | CosHaNo2O
ﬂl\’\r@' 1255, 1158, 1102, 3.20 (br), 2.91 (s),
o 864-560 2.85 (s), 2.60 (br),

DS-MIP benngiming 2.00 (m).1.30 (5)
(benzylamino)phenyl)butan-1-one

a 4.64 | 26441 | 3406, 1663, 1566, - 3012
NIP 1410, 1557, 1020, CisHuCINO
p p 653

D-MIP

4-chloro-1-(4-
DS-MIP (phenethylamino)phenyl)butan-1-one

3.86 81.53 3444, 2018, 1667 8.13 (s), 7.33-7.11(m), | C1sHxCINO

# \ ,
1567, 1414, 1231, 5.70 (br). 4.69 (m).
D-MIP P . 1158, 1102, 1053, | 3.74 (), 3.68 (1), 3.57

1019,027-666 | (g), 3. 48 (g), 3.16 (1),

1-(4-fluorophenyl)-4- 3.10 (1), 2.96 (s), 2.88
Ds-MIP (phenethylamino)butan-1-one (). 2.84 (m). 2.24 (m),
2.02 (br)
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Nanovessel Compound clogP AG IR(cm’l) TH-NMR m'z
(kJ/mol ( §ppm)
o 0 B 3.60 | -21444| 34072924, 2845, 8.02 (m). 7.15 (m). CxHnFNO;
NIP e 1739, 1683,1598, 4.84 (br), 3.75 (m),
D-MIP 1506, 1409, 1384, | 3.69 (£), 3.45 (br), 3.16
DS-MIP o . 1231, 1156, 1054, (), 3.11 (r). 2.96 (s).

837, 701. 598 2.89 (5). 2.23 (m), 2.08

methyl 2-(4-(4-fluorophenyl)-4- (B7), 2.02 (m),1.25 (5)

oxobutylamino)-3-phenylpropanoate

The actual receptor target has been characterized structurally in other a homologous surrogate target has a resolved
structure. Accordingly these structures, similar to lead compounds in small molecule design provide templates for
drug discovery. Direct moulding leading to a complementary structure of the original molecule can be accomplished
utilizing the active site or other preferentially exposed groups of such a molecule. However, the structural
constraints imposed by the MIP artificial receptor and the recognition that the ligand itself may induce changes in
structure have been elucidated in subsequent investigations of the template.
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