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Abstract

A temperature sensitive dopamine-imprinted polymer was prepared in 80%
agueous methanol solution by free-radical crosslinking copolymerisation of methacrylic
acid and acrylamide at 60°C in the presence of N,N-methylene-bis-acrylamide as the
crosé-linker and dopamine hydrochloride as template molecuie. The resuiting
molecularly imprinted polymer (MIP) formed temperature responsive materials which
could be used for the selective separation of appropriate dopamine and adrenergic
compounds from a liquid matrix at ambient temperatures. The thermoresponsive MIP
exhibited a swelling-deswelling transition in 80% aqueous methanol solution at about
35°C. The capacity of the thermoresponsive MIP to recognise the template molecule
when present in aqueous methanot solution changed with temperature, with the highest
" selectivity found at 35°C. Additionally, binding parameters obtained from Scatchard
analyses indicate that increasing temperature resulted in an increased affinity and
binding capacity of specific binding sites, but had less effect on non-selective binding
sites. Subsequently, the thermoresponsive MIP was tested for its application as a
~ sorbent material, utilisable in the selective solid-phase extraction (SPE) of dopamine
and other adrenergic compounds (epinephrine, isoproterenol, salbutamol and serotonin)
from urine samples. it was shown that the compounds that were structurally related tor
dopamine could be removed by elution, while dopamine and serotonin, the anaiytes of
interest, remained strongly adsorbed to the adsorbent during SPE applications. The
thermoresponsive MIP displayed different efficiency in clean-up and enrichments using
the SPE protocol at different temperatures.

A dopamine and serotonin molecularly imprinted polymer (DS-MIP) artificial
receptor is designed and has been successfully used in fluorescent molecularly
imprinted binding polymer assay for ergot binding studies. The dopamine and serotonin

which are the printed molecules is bound by the DS-MIP and the ergot analyte



competes with dopamine/serotonin probe for the same binding site. The artificial
receptor obtained showed to be highly specific and affinity was similar to natural
receptors. A series of ergot derivatives (ergocryptine, ergocornine, ergocristine,
ergonovine, agroclavine, pergolide and terguride) has been characterized as to their
ligand binding activities with the DS-MIP. The affinity for the dopamine/serctonin binding
site of the model ergots was measured by observing the increase of the free dopamine
or serotonin in the presence of increasing concentrations of the ergot specie. The
utilization of the DS-MIP in a competitive fluorescent ligand binding assay for ergét
produced results which were comparabie to those obtained using a competitive
immunoassay data obtained using dopamine/serotonin receptors derived from the rat
hypothalamus. These results indicate the applicability of the assay in characterizing the
ligand binding characteristics of ergot derived molecules. The developed assay does
not require the separation of free/bound ligands could be used to determine the binding

specificities of possible new ergot derivatives.
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Chapter 1

Temperature sensitive dopamine-imprinted (N,N-
methylene-bis-acrylamide cross-linked) polymer and
its potential application to the selective extraction of

adrenergic drugs from urine

1. Introduction

Natural receptors have evolved so as to achieve molecular recognition of ligands
with high specificity and often efficiently bind complex molecules such as proteins. Many
studies have investigated the design and the construction of synthetic receptors to
mimic the selectivity of such natural receptors. In patticular preparations of molecularly
imprinted polymers (MIPs) have been investigated as a convenient and applicable
means of creating three-dimensional networks with a cavity capable of memorizing the
shape and functional group positions, complementary to the template molecule [1,2].
MII5 receptors of this kind offer much potential in a number of application areas
including analytical chemistry, separation science, sensor construction and drug design
[3.4,5]. This is because of the potentially high selectivity and excellent stability of such
polymers. For example, many kinds of MIP receptors have been prepared for the
selective separation of some target compounds from liquid matrices, and these have
been employed in clean-up procedures in highly sensitive analyses of such compounds
in environmental and/or biological samples [6,7]. Generally, the preparation of MIP for
organic compounds has been based on the hydrogen bonding interactions which occur
between polymer and substrate in non-polar solvents and due to this it is much more
difficult to prepare MIPs for polar compounds. Consequently, MIPs prepared for use in
the sample preparation of biological and environmental samples do not usually allow the

processing of samples in aqueous media.
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Typically conventional molecular imprinting technology deals with highly cross-
linked materials having relatively rigid structures, whereas natural receptors in contrast
possess a more flexible and conformationally adaptable structure. The rigidity limits the
number of binding sites available to the target molecule. Many studies have shown that
lightly crosslinked polymer gels can undergo reversible swelling and shrinking under an
external stimulus, which increases the number of binding interactions with the target
molecule [8,9,10]. Cross-linked N-substituted polyacrylami.des are among the most
widely-studied polymeric materials used for the molecular imprinting of biomolecules
such as protein and DNA [11,12]. These polymers continue to receive much attention in
the field of controlled drug delivery {13,14] because they can undergo a temperature-
controlled volume phase transition in aqueous solution [15]. Combining the properties of
a thermosensitive polymer with molecular imprinting techniques may provide a
promising strategy for ensuring the system responds more rapidly to an external
temperature change. In the present study, the copolymerisation of acrylamide with a
cross-linker and additional monomers, in the presence of a template, was used to
synthesize imprinted polymers which might exhibit reversible phase fransition based
phenomena at ambient temperature.

Dopamine was the compound of interest employed in this study, as the template
molecule. It is a naturally occurring catecholamine, which can bind to adrenergic
receptors and its hydrochioride salt is used in the treatment of acute congestive heart
failure and renat failure [16]. The analytical detection of dopamine in urine has been
reported to provide a valuable diagnosis of neuroblastoma in patients. Several methods
have been described including a fluorescence-based method [17] and ion-exchange
chromatography [18] both of which allow for precise measurement of the drug. Urine
samples containing dopamine and its analogs (epinephrine and norepinephrine) have

been analyzed by HPLC with electrbchemical detection after isolation of the compounds
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using ion exchange resins [19]. Integrated MIP and temperature—contréllable mediated
transitions could enable a novel selective extraction method to be developed.

The aim of the current study was to seek to prepare thermoresponsive imprinted
polymers and compare their recognition ability to that obtained from structurally rigid
polymers, prepared using ethylene glycol dimethacrylate (EDMA) as a cross-linking
monomer. Dopamine (Figure 1), a polar compound which is not soluble in any organic
solvents, was used as a template molecule. It was planned to prepare the polymers in
an aqueous methanol solvent, with a view to strengthening any hydrogen bond
interactions between dopamine and the chosen functional monomer. The temperature-
dependence of the recognition property of the prepared thermoresponsive polymer and
its application as an adsorption phase for the selective extraction of dopamine and other
adrenergic compounds (Figure 1) from the spiked human urine samples were also to be

investigated.

2. Experimental

2.1. Materials

Ethylene glycol dimethacrylate (EDMA), N,N-methylenebisacrylamide (MBAA),
methacrylic acid (MAA) and acrylamide (ACM) were obtained from Aldrich Chemical
Company (Milwaukee, Wi, USA). 2,2-Azobis-(isobutyronitrile) (AIBN) was purchased
from Janssen Chimica (Geel, Belgium). EDMA and MAA were purified by distillation
under reduced pressure. Dopamine hydrochloride, isoprotereno!, serotonin
hydrochloride, salbutamol sulfate, histamine, methyldopa, epinephrine and ascorbic
acid (Figure 1) were obtained from Aldrich Chemical Company (Milwaukee, WI, USA).
O-phthalaldehyde was supplied by Fluka (Buchs, Switzerland). Working standard
solutions were prepared daily. All solvents were analytical grade and were dried with a

molecular sieve prior to use. The extraction of urine samples using the MIP cartridge
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was performed by first dissolving the drugs of the interest in the drug-free urine of

healthy volunteers.

2.2. Instrumentation

UV absorbance measurements and spectra were recorded using a Hewlett-
Packard diode array spectrophotometer Series 8452A (CS, USA). Fludrescence
measurements were performed with a LS50B Perkin Elmer luminescence spectrometer
equipped with a 150 W xenon lamp (CT, USA). Proton NMR spectra were obtained
using a Varian 500 MHz FT-NMR spectrometer (CA, USA). The solid phase extraction
study was developed in off-line mode using a Supelco vacuum manifold (PA, USA)
connected to a vacuum pump. High-performance liquid chromatography (HPLC) was
carried out using an Agilent 1100 system consisting of a quaternary pump, an
autosampler, a thermostated column compartment with a built-in-six-port switching

valve and fluorescence detector (CA, USA).

2.3. Polymer synthesis

In this study, four molecularly imprinted polymers (MIP1, MIP2, MIP3 and MIP4)
and corresponding non-imprinted polymers (NIP1, NIP2, NIP3 and NIP4) were prepared
using a thermal method involving free radical polymerization, according to that reported
previously [2]. For the preparation procedure of these polymers, the polymerizing
compositions listed in Table 1 were dissolved in 25 ml of methanol/water (4:1, viv)
mixture. Subsequently, the polymeric mixtures were sonicated under vacuum, purged
with nitrogen for 5 min and polymerised by heating in a hot-air oven at 60 °C for 24 h.

The resulting polymers were crushed, ground and sieved through a 100 mesh-sieve.
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The print molecule was eluted from the polymer particles by washing with three 500 mi
portions 10% v/v acetic acid in methanol and subsequently with three portions of 500 ml
methanol. Complete extraction of the template molecule from polymer was confirmed by
the absence of dopamine in a methanol rinse of polymer, as verified using the
fluorescence spectroscopic assay described in section 2.8. Finally, the polymer

particles were dried under vacuum and stored at ambient temperature until required.

2.4. Characterisation methods

The mean size as well as the size distribution of the prepared particles was
determined at 25 °C using laser diffraction (Malvern Mastersizer, Worcester, UK) and
water as the suspending medium. The mean of the triplicate measurements on the
same batch was determined. The degree of swelling of the polymers was determined
from the ratio between the volume of the swollen polymer and the volume of the dry
polymer in each of four solvents; water, methanol, a methanol/water (4:1 v/v) mixturé
and phosphate buffer (pH 7.4), using calibrated measuring cylinder. A tota! of three
replicates was used for such test. The determination of pore volume and specific
surface area was carried out by nitrogen adsorption/desorption techniques using a
Coulter SA3100 series surface area and pore analyzer (Coulter, USA) which enables
pores between 0.3-200 nm to be measured. The samples were degassed at 120 °C
and a 50-point pressure table was used. The surface area was determined from a
Brunauer, Emmeﬁ and Teller (BET) plot whilst the average pore diameter and the
cumulative pore volume were obtained using a Barrett, Johner and Halenda (BJH)

model of the adsorption isotherm.

2.5. Binding experiments
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The ability of the MIP prepared to selectively recognise the template molecule in
comparision to the prepared NIPs was evaluated in four different solvents; water,
methanol, a methanol/water mixture (4,1 v/v) and pH 7.4 phosphate buffer after
equilibration of the polymers with a dopamine solution. In a typical binding assay, the
powdered polymer (50 mg) was added to 5 ml of the solvent containing 5 pg.ml” of
dopamine or 5 m! of the pure solvent (blank), and the suspension stirred for 24 h at
room temperature (30+1°C). The polymer particles were then filtered off and the
filtrate was analysed for dopamine using a fluorescence spectroscopy method. The
quantity of drug in solution was determined by reference to a calibration curve. The
amount of bound drug was obtained by subtracting the amount of free drug from the
total amount of the drug added. The imprinting factor { a), which represented the effect
of the imprinting process, was the ratio of the amount of substrate bound by the MiP to
that bound by the corresponding NIP.

The binding of dopamine to the thermoresponsive imprinted polymer (MIP4) and
corresponding non-imprinted polymer (NIP4) was examined at six different

temperatures (25, 30, 35, 40, 45 and 70 ° C) using the binding assay protocol.

2.6. Determination binding characteristics of the thermoresponsive polymers

The binding characteristics of the thermoresponsive imprinted polymer (MIP4) as
well as the control polymer were further examined at three different temperatures (25,
35 and 45 °C) using 50-mg samples of polymer with dopamine solutions ranging in
concentration from 0.1 to 100 xg.ml”, using methanol/water (4:1, v/v) mixture as
medium. The amount bound (Q) was determined at each drug/polymer molar ratio (R).
The binding parameters were determined from the equation, Bound/Free = (Biax-B)/Ky,
where Ky is the equilibrium dissociation constant, and Bn. is the maximum number of

binding sites which were obtained from the slope and intercept on x-axis of the straight
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line of the Scatchard plot, respectively. The association constant (K,) value was
obtained as the reciprocal of the Ky value, The mean dopamine binding constants

calculated from triplicate independently derived resuits.

2.7. Selectivity evaluation
in order to verify selective recognition of the thermoresponsive MIP, the

equilibrium binding analysis was examined using both a non-competitive and

competitive ligand-binding assay.

2.7.1. Non-competitive ligand binding assay

Non-competitive ligand binding analysis of the polymers was determined by a
saturation binding experiment using serotonin, salbutamol, isoproterenol, epinephrine
and methyldopa as the related probes and histamine and ascorbic acid as non-related
probes (Figure 1). Particulate polymer (50 mg) was stirred into 5 ml methanol/water (4:1
viv) solution containing 5 pg.ml™' of each analyte of interest at room temperature. After
24 h, the filtrate was analysed for the amount of unbound analyte. The amount of each
compound bound was calculated by subtraction of the concentration in the filtrate from
the concentration in the original stock solution. The selectivity (%) was obtained by
determining each specific the amount of compound sorbed per unit weight of MIP

relative to the amount of dopamine sorbed.

2.7.2. Competitive ligand binding assay.
In this experiment, the putative binding sites of dopamine on the polymer were
identified by a displacement assay, using the same molecular probes as those used in

the non-competitive ligand binding analysis. Particulate polymer (50 mg) was incubated
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with 5 ml of methanol/water (4:1 v/v) containing 5 pg.m!™" of dopamine and a test probe
within the concentration range 0.02-20 pg.mi’, for 24 h at room temperature. The
changes in fluorescence intensity of dopamine in solution were monitored at 320 nm
following excitation at 279 nm. The binding of dopamine in the presence of substrates

was calculated and reported as the % binding of dopamine to sites on the polymer.

Each experiment was repeated three times.

2.8. Analysis method

Dopamine, serotonin, histamine or salbutamol in the samples was quantified
using a fluorescence spectroscopic method. A sample (1 ml) containing dopamine was
transferred .to a 10.0 ml volumetric flask containing 2.0 ml of pH 3.6 acetate buffer
solution, and diluted to volume with methanol. The fluorescence intensity of the solution
was measured at 320 nm using an excitation wavelength of 279 nm (limit of quantitation
(LOQ) = 7.3 ng.ml"). The serotonin sample was determined by adding the sample (1
ml) to phosphate buffer pH 6.5 (2 ml), diluting with methanol (7 ml) and measuring the
ﬂluorescence intensity at wavelength of 335 nm with excitation wavelength at 300 nm
(LOQ = 22.4 ng.ml"). The assay of histamine in samples was carried out using 0.2% o-
phthalaldehyde as a derivertising agent. The sample (1 mi) containing histamine was
transferred to 200 ul of 1 M sodium hydroxide contained in a 25.0 ml volumetric flask.
Hydrochloric acid (100 pl, 3 M) and 50 pl of 0.2% o-phthalaldehyde was added and the
solution diluted to volume with 4:1 v/iv methanol/water mixture. The fluorescence
intensity of the solution was measured at 430 nm using an excitation wavelength of 330
nm against a reagent blank, prepared using the same reagent concentrations but
containing no histamine (LOQ = 9.0 ng.ml"). For the assay of salbutamol-containing

samples, the fluorescence intensity was measured at a wavelength of 309 nm with the

excitation wavelength fixed at 218 nm (LOQ = 0.8 ug.mlI™)
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Isoproterenol, epinephrine or methyldopa in the samples was assayed by UV
spectroscopy using a wavelength of 279 nm (LOQs of isoproterenol, epinephrine and
methyidopa were 12.0 ng.ml”, 3.0 pg.ml' and 4.6 pg.mi", respectively).

The assay of ascorbic acid-containing samples was performed using a
potentiometric titration method. A 2.0 mi sample was placed in a 150 ml vessel and 2
M potassium chloride (10 ml) added. The solution was diluted to 100.0 m! with distilied
water before fitration with a standard solution of 0.01 M sodium hydroxide. The pH
values were recorded after the addition of each 0.1 ml titrant added. The plot of the

titrant volume vs pH was made fo determine the end-point (LOQ = 0.5 ug.ml™).

2.9. Solid-phase extraction experiments

Twenty-five milligrams of the particulate polymer suspended in water was packed
into 2 home-built SPE cartridge comprising a borosilicate glass tube (0.5 cm in internal
diameter, 5 cm in length) with a double-walled water jacket for controlling temperature.
Studies were conducted into the ability of thermoresponsive MIP to selectively extract
dopamine and the other adrenergic compounds present in the mixture by evaluating the
efficiency of SPE at three different extraction temperatures (25°C, room temperature
(30°C) and 40 °C).

To determine the recovery of bound material from urine samples at three
different temperatures, aqueous solution (1 ml) including 5 pg.ml'1 of dopamine and
125 pg.mi' of each adrenergic compound presented as a mixture (serotonin,
isoproterenol, epinephrine and salbutamol) was added to 4.5 ml of methanol and this
solution was then diluted with human urine to 10 ml, before filtering to remove any
insoluble material. A sample (1 ml) of filtrate was loaded onto the SPE cartridge
containing either MiP or NIP and the eluant collected for analysis. The column was then

washed with 5 ml of 4:1 v/v methanol/water mixture and the analytes finally eluted with
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5 ml of 1% acetic acid in methanol. Each experiment was run three times, using three
different cartridges. The fractions eluted from each camidge were collected separately
and the amounts of recovered dopamine and other adrenergic compounds present in
the mixture were quantified.

A reversed phase HPLC method was used for the quantitative analysis of
dopamine and other adrenergic compounds after solid-phase extraction, using a
method adapted from that reported by Wood and Hall [20]). Briefly, mobile phase A
comprising 0.05% aqueous triflucroacetic acid (THF)-methanol (97.5:2.5, v/v) and
mobile phase B consisting of 0.05% aqueous TFA-methanol (40:60, v/v) were used for
elution. An injection volume of 20 pul was employed and the analytical column was a
Luna 5u Cig, 25 cm x 0.46 cm (Phenomenex, USA). A flow-rate of 1.0 mi min" was
used over 20-min with the following gradient: 0.00 min, 100% A; 1.00 min, 100%A,
16.00 min, 50% A and 50% B (linear gradient from 1 to 16 min); 16.05 min, 100% A to

return column to initial condition by 20 min. The fluorescence detector used was set at

Aex 220 nm and Aem 320 Nm.
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3. RESULTS AND DISCUSSION
3.1. Synthesis and characterisation of polymers

Putative thermoresponsive dopamine-imprinted polymers were synthesised using
two functional monomers, MAA and ACM, such that the acid or amide group of the
monomers might interact with the hydroxyl groups of the dopamine template, together
with MBAA cross-linker. A mixture of methanol and water (4:1, v/v) was chosen as the
porogen solvent since the dopamine (HCI) template is soluble only in polar solvent and

it was the aim of this work to generate a MIP for use in an aqueous environment.

CH,OH
H HO c':H
- .\ )
N7 SNgHo HO NHg CI
\ /
N —
HoNH,CH,C HO OH
HO .
Histamine Ascorbic acid Dopamine {Template)
NHyCl o
HO 7 ho N, HO NH,
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COOH
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HO H HO HO
Serotonin Epinephrine Methyldopa
OH OH
HO NH  CH, Ho NH, /CHs
CH, 1" CH,
CH, CHa
HO HO
Isoproterenol Salbutamol

Figure 1: Structure of dopamine (template molecule), other adrenergic compounds
and non-related probes used in this study.

In the present work, the binding of dopamine to the thermosensitive imprinted

polymer was compared to its binding to the structurally rigid polymers. The latter were

prepared by using EDMA, a cross-linking monomer either singly or combined with

MBAA monomer. Normally, EDMA generates an imprinted polymer that is compact,
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inert and highly stable with respect to rigidity of polymer structure. Molecularly imprinted
polymers and corresponding non-imprinted polymers, consisting of MBAA and/or EDMA
as cross-linker, were created following a common protocol for MIP synthesis using the
compositions listed in Table 1. The physical characteristics of the polymers were
examined and the data are summarised in Table 2. In general, the MBAA cross-linked
polymers (MIP4, NIP4) were found to have both a large pore size and pore volume
compared with the more structurally rigid polymers (MIP1, MIP2, MIP3, NIP1, NIP2 and
NIP3). Both NIP4 and MIP4 particles possessed micropores in the polymer network,
and also exhibited specific swelling properties that were different to the structurally more
rigid EDMA-cross-linked polymers. These observations show that the physical
properties of the prepared polymers were markedly dependent upon the cross-linking
monomer employed. It is apparent that the pore diameter and specific surface area of
the MBAA cross-linked NIP (NIP4) were almost twice as large as those of the
corresponding MIP (MIP4). Also, the pore volume of NIP4 was larger than that of MIP4.
By contrast, pore diameter, pore volume and specific surface area of the NIPs and MIPs
of the structurally more rigid EDMA cross-linked polymers were not significantly
different. Indeed, either MIP4 or NiP4 was prepared with the same polymer component
and the same polymerising conditions except the print molecule was present in the
polymerising phase only when the MIP4 was synthesized. Hence, the. smaller pore size
of MIP4 in comparison to that of NIP4 must be related to the presence of dopamine
during the preparation process. Probably, the dopamine template present in the lightly
MBAA-cross-linked polymer gels causes a compactness of the size of the cavities,
within gelling network, during the change of temperature from polymerising temperature
(60 ° C) to extraction temperature (room temperature). This may have accounted for the

specific surface area of MIP4 being lower than the specific surface area of the control.
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Table 1: Polymer composition.

Composition MIP1 NIP1 MIP2 NIP2 MIP3 NIP3 MIP4 NiP4
Dopamine HCI (g) 0.62 - 0.62 - 0.62 - 0.62 -

MAA (g} 1.12 1.12 0.56 0.56 - - 0.56 0.56
ACM (g) - - 0.46 0.46 0.46 0.46 0.46 0.46
EDMA (g) 9.72 9.72 6.48 6.48 6.48 6.48 . -

MBAA (g) - - - - 1.10 1.10 5.04 5.04
AIBN (g) 0.71 0.71 0.71 0.71 0.71 0.71 0.71 0.71
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Table 2: Characteristics of synthesised polymers.

Polymer Functional Cross- Elemental analysis (%) Particle Pore Pore BET Specific swelling
monomer linking size?  diameter volume® Surface (mi/ml)
monomer (zm) (nm) {mlig) area®
(m?g)
C H (o) N MeOH Water Mixt)ure buffer
[+
MIP1 MAA EDMA 0.66 7.2 26.8 - 8.26 15.91 0.0010 3.61 - - - -
NIP1 MAA EDMA 65.8 71 27.1 - 12.75 14.42 0.0007 217 - - - -
MIP2 MAA-ACM EDMA 65.7 7.3 267 0.4 9.36 8.96 0.0011 2.93 - - - -
NIP2 MAA-ACM EDMA 66.1 7.1 26.5 0.3 10.29 16.21 0.0008 2.63 - - - -
MIP3 ACM MBAA-EDMA 534 72 378 15 585 18.72 0.0015 6.29 - - - -
NIP3 ACM MBAA-EDMA 527 7.3 385 1.5 6.58 18.31 0.0016 572 - - - -
MIP4 MAA-ACM MBAA 55.1 74 243 133 19.83 30.17 0.2369 130.41 1.12 1.00 0.87 0.80
(0.014)  (34.37)
NiP4 MAA-ACM MBAA 557 76 234 133 36.72 54,55 0.2633 213.32 0.62 0.57 0.25 0.27
(0.0068)  (20.78)

a) Approximate mean in particle size
b) The micropore surface and pore volume (values in parenthesis) from a t-plot using Harkins-Jula average thickness.

¢} Referto 4:1, viv methanol:water solvent.
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3.2. Media effects on ligand-binding of MIPs

The influence of various binding media parameters (the type of the solvent, pH
and ionic strength) was studied further so as to provide optimised parameters for
binding in aqueous media, with a view to developing a thermoresponsive imprinted
polymer adsorbent suitable for SPE analysis. Initially, the influence of the solvent on the
recognition properties of MIP4 was studied and the binding of dopamine for this polymer
was compared with that of the more structurally rigid polymers (MIP1, MIP2 and MIP3).
Figure 2 shows the binding of dopamine to the various MIPs and corresponding NiPs
when solvated in water, methanol, methanol/iwater (4:1 v/v) mixture and pH 7.4 buffer.
Dopamine was bound in lowest amount when present in methanol/water (4:1 v/v)
solvent compared to the other solvents. The non-specific adsorption of dopamine to ail
MIPs from methanol, buffer and water was very high. However the methanol/water (4:1
viv) mixture which was used as the preparation phase of the MIPs was found to be a
better solvent for selectively binding of dopamine to the polymers, as the imprinting
effect was found to be most marked in this solvent. In general, the imprinting factor of
the MIPs prepared using mixed functional monomers was higher than that to the MIPs
prepared using a single functional monomer. The selective adsorption of dopamine to
the MIP prepared using MBAA when equilibrated in methanol/water (4.1 v/v) was higher
than that to the MIP prepared using EDMA (a« = 0.98 or 1.16) or mixed EDMA/MBAA
(a = 1.39). This demonstrates that MIP4, prepared with MBAA as the cross-linking
monomer, { « = 1.87), provided better recognition than the more structurally rigid MIPs
prepared using EDMA as the cross-linking monomer. This could be explained by the
rigidity of the EDMA polymer preventing the cavity having sufficient flexibility to orientate
so that maximum binding occurs within the polymer matrix. Also, the hydrophobic
properties of the EDMA-containing polymer may promote a higher non-specific

adsorption of the drug to the polymer when placed in an aqueous medium.
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Figure 2: Effect of solvent on the % dopamine (employed as the template molecule)
bound to various (a) MIPs and (b) corresponding NIPs synthesized in this
study.
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MAA and ACM, employed as functional monomers for imprinting in this study contain
- both amide and carboxylic acid functional groups which can interact with the hydroxyl
| éroup of dopamine via non-covatent bonding. The amide group of ACM is not ionizable,
whereas the carboxylic group of MAA monomer can ionize and hence a change in non-
specific adsorption of the dopamine to the polymer can occur in aqueous medium as a
- function of pH. In fact medium pH had a large effect on the binding of dopamine to
MIP4 and NIP4 (Figure 3) with a low pH (pH 3 and 4) to much less binding of dopamine
to the polymers than occurring at low pH (pH 3 and 4) compared to when the latter

polymers were incubated with drug at a high pH (pH 5-7).

100

%Binding

Figure 3: Effect of medium pH on the % dopamine (employed as the template
molecule) bound to MiP4 and NIP4.

Dopamine (pK, = 10.6) will be charged positively over the whole pH working

range {pH 3-7), whereas at the higher pH values the thermoresponsive polymer will be

effectively negatively charged. Thus non-specific electrostatic interaction between drug

and polymer might be expected to occur and indeed the amount bound of dopamine
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bound to the MIP and NIP was not significantly different at any of the pH values studied.
In addition the NIP synthesized in this study had a larger specific surface area than the
corresponding MIP providing a greater area for a higher non-specific binding of
dopamine from solution. Since the selectivity of binding between MIP4 and dopamine
was greatest from the methanol/water (4:1, v/v) mixture, it was thought that this solvent

would be suitable to be employed in any SPE employing MIP4 as the imprinted

polymer.

3.3. Temperature effect on recognition ability
The ability of the thermoresponsive MIP (MIP4) to recognize template molecule after a
dynamic change in swelling was evaluated by equilibrium binding analysis. The
experiment was performed at temperatures ranging from 25-70 ° C. Figure 4(a) shows
effect of temperature on % binding of dopamine to MIP4 and control polymer (NIP4) in
methanol/iwater (4:1, v/v) mixture. The temperature dependent swelling of the
thermoresponsive MIP is also shown in Figure 4(b). The adsorption pattern of
dopamine to the MIP varies with temperature, with sorption increasing as a function of
temperature (see Figure 4a). A temperature increase from 25-35 °C promoted
binding of the template molecule to the MIP, whilst binding to the corresponding NIP
scarcely changed. The imprinting factor of the MIP was highest at a temperature of
35°C and this appeared to correspond to the transition temperature of the
thermoresponsive MIP. At temperatures beyond 35 °C, it was found that binding of
dopamine to both the MIP and NIP gradually increased but that the increase in the
binding to the non-selective polymer was greater than to the MIP (Figure 4a), resulting
in a decrease in the imprinting factor (Figure 4b). This result suggests that the higher
binding to the thermoresponsive MIP at high temperatures (>45° C) is likely to be

primarily the consequence of increasing non-specific adsorption of the template
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Figure 4: Effect of temperature on (a) the % dopamine to MIP4 and NIP4 and (b)
binding affinity and swelling ratio of polymer of MIP4 in methanol/water (4:1
viv) (mean £ SE, n=3).
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molecules. The % change in binding as a function of temperature also allows the
activation energy of dopamine binding to sites within thermosensitive MIP io be
determined and the latter was found to be 9.83 Kcal.mol'. The results show that
binding to MIP4 was temperature sensitive and although a degree of molecular
selectivity was apparent either in the more swollen or collapsed states, at the transition

temperature, 35°C, the recognition of dopamine by the MIP was maximal.
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Figure 5: Effect of temperature on the mean volume diameter of polymer particles of

the thermoresponsive imprinted polymer (MIP4) and non-selective polymer

(NiP4), in the presence and absence of dopamine template dissolved in
methanol/water (4:1 viv) (mean t SE, n=3).

The size of either MIP or NIP particles was measured before and after 30 min-

exposure to dopamine in methanol/water (4:1 v/v) solution at temperatures ranging from

25 -60°C. As seen in Figure 5, the thermoresponsive MIP decreased in size in the

presence of template molecule, although this effect was only apparent at temperatures
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below 35°C. In contrast, the change in the size of polymer particle of the
corresponding NIP exposed to dopamine was relatively little. This result suggests that
the shrinkage of the swollen MIP at fixed temperatures below 35° C which occurs in the
presence of dopamine is a consequence of the binding of the template molecule at the
imprint sites. However, at temperatures over 35 °C the size of polymer exposed to
dopamine did not change as a function of temperature. it is apparent that the polymer
shrinking/swelling in response to the presence of template was affected by temperature.
At higher temperatures the MIP forms a highly compact polymer structure in which
binding within the polymer may be hindered. This could account for the decrease in
selectivity of the thermoresponsive MIP at higher temperatures (=40 °C). It would
appear that the selectivity of the thermoresponsive MIP is controlled by the size of the
cavities in the polymer, and that conformational changes may be required to open the
cavity to enable greater binding to occur. A previous study has demonstrated that
igand binding can affect the geometry of a protein binding site, with significant
rearrangements occurring upon ligand binding [21]. An approach towards the handling
of ligand-induced domain movements has been reported by Sandak and co-workers
[22]. The flexibility of the thermoresponsive MIP may enable movement of the polymer
domains forming the binding cavity, which in turn affects the degree of molecular
recognition between the ligand and receptor.

Previous studies have demonstrated that a change in pH, ionic strength, solvent
or temperature can alter the conformation of polymer chains within structure of MIPs
and that these have a strong effect on the polymer recognition properties [23, 24].
Turner et al. [25] showed that any factors that alter the surface potential and
conformation of polymer chains will change the size and shape of template-
complementary binding pockets thereby disrupting binding. These latter workers also

reported that a high buffer concentration can increase the recognition of the MIP such
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that a compactness in the structure of the polymer is promoted. The results obtained in
the present study suggest that thermal-stimuli are capable of changing the binding
properties of the thermoresponsive MIP, which is factor that may be exploitable for the
selective extraction of the target compound from aqueous media by the polymer.

The influence of temperature on the binding characteristics of the
thermoresponsive MIP was examined further. it was found that the adsorption isotherms
of the imprinted polymer fitted well to the bi-Langmuir mode! with a predominance of
high-affinity binding sites but with a low fraction of low-affinity binding sites being
present. This suggests that the recognition sites of the MIP are heterogeneous. The
association constant (K,;) and binding capacity (Bna) values of recognition sites at
various temperatures (25, 35 and 45 °C) are shown in Table 3. Increasing temperature
from 25 °C to 45 °C greatly increased the K, value of high-affinity binding site of the
MIP, while the K, values for the high and low-affinity binding sites of the corresponding
NIP were also increased but to a lesser extent. A significant decrease in binding
capacity with increasing temperature was observed in the case of high-affinity binding
site for MiP. The results show that an increase in temperature increases the efficiency
of the binding of the template with the polymers. The great increase in the binding
affinity of high-affinity binding site of the MIP when temperature increases is most likely
due to the increased the strength of the interactions betwéen complementary
functionalities in the template and polymer, within imprint cavity. It is possible that the
polymer having shrunken dimensions at higher temperatures facilitates a higher order of
molecular association. A greater dominance of hydrophobic forces within a more

dehydrated polymer matrix might also promote binding affinity.
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Figure 6: The selectivity of polymer for binding of dopamine and analogs. (mean + SE ,
n=3). DA = dopamine, ST = serotonin, SB = salbutamol, IP = isoproterenol,
EP = epinephrine, MD = methyldopa, HT = histamine, AA = ascorbic acid
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Table 3: The binding characteristics of the thermo-responsive polymers at various temperatures.

Temp. (°C) MIP4 NIP4
High affinity site Low affinity site High affinity site Low affinity site
Ka (MM Brax (Hmol g)  Ka (MM™)  Baay (WMol g7) Ka (MM™)  Brgy (umol g Ka(mM™) B (umol g’
25 1702025 6117+342 0841036 1.59+1.02 070021 0152010 042+005 1.37+0.18
35 9.09+0.92 348+070 080031 0891002 071061 039015 1352052 271106
45 4970+7.93 122+£020 4351080 077+030 385+065 080020 7691179 3.12 :1: 1.35

K, = Dissociation constant
Bmex = Binding capacity
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3.4. The specific binding site of the thermal-responsive polymer

Molecular selectivity in imprinted polymers is often demonstrated by comparing
the extent of binding of the template molecule in comparison to the binding of molecules
with similar features. This affords an indication of the extent of cross-reactivity between
the selected molecules and the polymer. The binding selectivity of the prepared
thermoresponsive MIP for its template and a range of structural analogues (serotonin,
salbutamol, isoproterenol, epinephrine and methyldopa) as well as non-related
compounds (histamine and ascorbic acid) (Figure 1) was determined. The results
suggest that structurally related compounds bound more effectively to the MIP than
non-related compounds, such as histamine and ascorbic acid (see Figure 6). This
indicated that it was possible to produce a temperature sensitive imprinted polymer with
selectivity towards dopamine but with a reasonable cross-reactivity to dopamine

analoas which contained the cathecholamine structure.

100
- 80
g —Q— Serotonin
_g —— Salbutamol
2 60 \ —A—Histamine
e —aa—|soproterenot
E | —e—Methyldopa
3 40 - + —— Epinephrine
8 —+ — Ascorbic acid
=

20 - l

0.01 0.1 1 10 100 1000

Added probe (g mI)

Figure 7: Displacement of dopamine by other compounds.
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Subsequent competitive ligand binding tests showed that the relative affinity of
the thermoresponsive polymer for molecules related to dopamine was greater than for
non-related dopamine compounds, with histamine and ascorbic acid in particular
showing very poor dopamine displacement characteristics (Figure 7). Competitive
binding for the selected probes occurred only at high concentrations. Non-specific
probes would be expected to bind to low-affinity sites with a ‘less good’ template
complementary only when present at higher concentrations. These results confirm that
the thermoresponsive MIP binds the template molecule strongly but that there is partial
cross-reactivity to structurally closely related compounds. This specificity of the
thermoresponsive MIP might be explained on the basis of the molecular recognition,
which relates to binding sites having shape and size selection as well as the correct

spatial orientation of the functional groups in the MIP binding sites [26,27].

3.5. Application of the thermal-responsive polymer to SPE

The feasibility of using the generated thermoresponsive MIP in an SPE column to
recover dopamine and related compounds from a mixture in urine was examined. The
influence of temperature on polymer capacity when employed in the SPE protocol was
also determined since use of an elevated temperature does potentially offer an elegant
approach to promoting specific adsorption, which may increase the selectivity of the
polymer. Table 4 shows % recovery of compounds from a mixture of compounds using
the thermoresponsive MIP and corresponding NIP at various temperatures. The
template was not detectable in the initial breakthrough samples from the MIP loaded
SPE column at any of the temperatures studied, indicating that dopamine remained
selectively bound through specific interactions with the imprinted binding sites within the
polymer. In contrast dopamine was detected in the breakthrough sample of the NIP

loaded column particularly at temperature 25 °C but also at room temperature
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(3011 °C), although at higher temperatures (40 °C) dopamine remained bound to the
NIP. More of the template molecule was retained on the MIP other than NIP and more
was eluted by the 9:1, v/v methanol:acetic acid solvent. in addition to the template, the
MIP displayed selectivity in retaining serotonin, which has structural similarities to that of
the template (Figure 1). The recovery of serotonin from the column was also

temperature dependent (see Table 4).

Time (min)

Figure 8: HPLC chromatograms of urine blank and spiked urine sample before and after
extraction of the various analogues after elution through a thermoresponsive
dopamine-imprinted polymer cartridge {(using methanol/water, 4:1 v/iv and
methanol/acetic acid, 9:1 v/v as the elution solvents) at different temperatures. (a)
urine blank; (b} spiked urine sample; (¢} urine blank after extracting by MIP
cartridge at room temperature; (d} spiked urine sample after extraction at 40°C;
(e) spiked urine sample after extraction at room temperature (~30°C); (f) spiked
urine sample after extraction at 25°C. 1 = epinephrine, 2 = dopamine, 3 =
isoproterenol, 4 = serotonin, 5 = salbutamol.
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Table 4: Mean recovery (%) of dopamine (0.5 ug.ml™" in urine) and other adrenergic compounds (0.125 ug.mi™ in urine) after solid-
phase extraction through MIP and NIP containing cartridges at various temperatures .

Fractions Temperature Recovery (%)
(°C) Dopamine Serotonin Salbutamol Isoproterenoi Epinephrine
MIP__ NIP MIP_ NIP MIP__ NIP MIP__ NIP MIP_ NiP
Breakthrough (1 ml) 25 0 135 134 110 277 371 301 3741 1.8 18.0
30 0 172 121 34.0 37.1 257 31.9 257 203  19.1
40 0 0 144 57 459 412 473 318 293 3.2
Methanol:water, 4:1 viv (5 ml) 25 33.3 744 146 704 776 698 76.0 69.8 825 842
30 243 723 31.6 597 636 776 724 714 82.2 849
40 142 637 101 778 60.1 61.3 424 523 723 79.2
Methanol:acetic acid, 9:1 v/v (5 mi) 25 36.6 121 258 226 0 0 0 0 0 0
30 46.7 10.5 596 6.4 0 0 0 0 0 0
40 51.3 36.2 217 44 Q 0 0 0 0 0
Total recovery 25 69.9 87.9 53.8 104.0 106.3 106.9 106.1 106.9 102.3 102.2
30 71.0 895 101.3 1011 100.7 103.3 104.3 9741 102.5 104.0
40 655 99.9 46.2 88.0 106.0 102.5 89.7 842 101.6 1104

"The relative standard deviations (RSDs) were 2-10% (n = 3)
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The elution of human urine spiked with dopamine and analogues through the MIP
columns when employing the SPE protocol at different temperatures (Figure 8) resulted
in different enrichment profiles of the various compounds. At room temperature
(30£1°C) the clean-up and enrichment of the sample in dopamine and serotonin using
the thermoresponsive MIP was greater than that achieved at the other temperatures {25
and 40°C). Marked interference with the absorbance due to the analyte peaks was
found to occur due to absorbing compounds within the urine. However even though
some of these interfering compounds still co-eluted with the analytes after the SPE, the
feasibility of carrying out an assay based on this method was proven. The pretreatment
of human urine using SPE with the thermoresponsive MIP enabled total recoveries of
dopamine and other adrenergic compounds to be achieved with the values in this study

ranging 70-106%, depending on extraction temperature.

4, CONCLUSION

The design and synthesis of thermal-responsive materials for separation process was
demonstrated in this study. An adsorption phase consisting of molecular recognition and
thermal-responsive elements has been developed and evaluated for application in the
séparation of dopamine and analogues contained in urine samples, using SPE. The
results in the present study demonstrated that combining the thermosensitive polymer
with molecular imprinting techniques generated a molecular recognition material which
could respond more rapidly to an external temperature change. The material could be
employed in aqueous environments and enabled a selective recognition of dopamine
and its analogues to be produced. The potential application of this material as a
selective sorbent for SPE in the assay of dopamine in human urine has been urine has
been demonstrated with some degree of success, although a fully validated assay has

not established. Further investigation and development of the system is warranted with
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a view to developing a thermoresponsive MIP material having high selectivity and
suitable properties for applying as selective sorbent phase of SPE or even as

recognition material in other uses, e.g. chromatographic separation, sensor and

immunoassay.
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Chapter 2

“A Molecularly Imprinted Artificial Receptor for the Screening

of Ergot Family”

1. Introduction

Ergots are a type of ergoline derivatives which possess a wide and different
spectrum of pharmacological activities including central, peripheral and neurohumoral
effects, due to their capability to bind unselectively to adrenergic, dopaminergic and
sefotonergic receptor sites'™. Compounds of this class (see general structure in Figure
1) may act as agonists or antagonists at the receptor sites of biogenic amine
neurotransmitters, and may be also assume a partial agonist and antagonist role.
Interesting for drug discovery and development is the dopamine agonist activity of
ergolines, which has many important clinical implications such as treatment in
Parkinson's disease and hyperprolactinaemia®®. Several chemical modification and
synthetic variation of the ergot compounds have been done with the aim of finding
compounds with a narrower range of activity with more selective, more specific effect &
T which modification of the ergoline skeleton, is shared by all the ergots present many
challenges in the development of new dopaminergic agents as well as the identification
of new series of serotonergic agents®®. Study in binding affinity of this class of
compounds with either dopaminergic or serotonergic receptor is required, in addition a
number of research groups are generating large number of ergot-derived compounds to
test structure activity relationships.

A high-throughput screening assay system is necessary for large scale screening

for ligands of dopaminergic and serotonergic receptors. To facilitate the determination of

ligand binding specificity and affinity several biochemical assays have been developed.
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Traditional dopamine or serotonin receptor assays for analysis of involve filtration,
transfer and washing, and the use of radiolabeled probes'®. Some studies sought to
examine equilibrium binding constants using chromatography using resins to separate
the protein-bound and unbound forms of radiolabeled probes'™™. However,
chromatography and other techniques which utilize physical separation of bound from
free ligand often perturb the equilibrium, a process which can result in dramatically
altered affinity constant'*. Chromatography is also limited by its reliance on radiolabeled
ligands, a requirement that can prove to be bothersome when one considers the costs
of using radioactive materials and the difficulties in obtaining the compound. Anocther
approach has been the examination of binding interactions through the use of
fluorescence probes. However, the probes often contain large, hydrophobic moieties
that are necessary for their fluorescent character. The hydrophobic moieties change
the chemical nature of the probes so that they exhibit properties that may not be
identical to their native counterparts. Therefore, the use of this type of probes to obtain
physiological relevant equilibrium constant must be made with caution. For study in an
affinity binding of ergot compound with the receptors, the isolated dopamine and
serotonin receptors of sacrificed animals e.g. rats'® or some other rodent species'® are
used for this purpose. However, the limited operation and storége stability of the native
receptors, along with the difficulties associated with their preparation and isolation, are
among the drawbacks that have limited their use for study. in addition, the variation in
result with different species of the tested animal can be reluctant for discussion. All
these make it difficult to adapt the assays into high-throughput screening assay for
dopamine and serotonin receptors

The molecularly imprinted polymer which can be applied to use in a competitive
radioligand-binding assay, or so-called molecularly imprinted polymer sorbent assay

(MIA), is similar to solid-phase radicimmunoassay, but the immobilized antibody is
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replaced by an imprinted polymer'’. This method can distinguish between the bound
and free forms of a ligand-receptor complex without physical separation have proven to
be very useful. A competitive fluorescent ligand binding analysis technique is among the
best adapted for use with imprinted polymers, because it allows highly sensitive
detection, depending on the fluorescent label, be performed both in aqueous and
organic solvents.

In this article, we describe a fluorescent molecularly imprinted sorbent assay to
study receptor-ligand binding of ergots by use a displacement assay of unlabeled
dopamine/serotonin as probes and present the application of the molecularly imprinted
sorbent assay in affinity screening of the ergot-derived compounds. In this study,
dopamine and serotonin that are the endogenous dopaminergic agonist and
serotoninergic agonist of biological dopamine and serotonin receptors were employed
as the printed molecules for creating the selectivity to molecularly imprinted polymer
adsorbent phase. Also these compounds were adopted as the fluorescence probes in a
competitive moleculariy imprinted binding assay. The affinity of ergot for the dopamine
and serotfonin binding site can then be assessed by observing the increase of the free
dopamine or serotonin probe in the presence of increasing concentrations of ergot
compound. In generating mixed dopamine and serotonin-binding site of a molecularly
imprinted polymer, a molecular imprinting using multiple-template technique was
applied with a free-radical cross-linking copolymerization of two functional monomers,
methacrylic acid (MAA) and acrylamide (ACM) with N,N-methylene-bis-acrylamide
(MBAA) as cross-linker in the presence of dopamine and serotonin as the template
mixture in 80% aqueous methanol solution. The ability of the mode! ergot compounds
(i.e. ergocryptine, ergocornine, ergocristing, ergonovine, agroclavine, pergolide and
terguride) to displace bound dopamine (D) and serotonin (S) from the binding sites

using a developed competitive fluorescent ligand binding assay was measured and
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compared to those obtained using an ELISA-based immunoassay data obtained using
D/S receptors derived from the rat hypothalamus. The results indicate the applicability
of the assay in characterizing the ligand binding characteristics of ergot derived
molecules. The molecularly imprinted sorbent assay with DS-MIP is present for
application ergot binding studies using displacement of unlabeled-(radioligand)

dopamine/serotonin which this can be used without physical separation.

2. Experimental

2.1. Reagents and chemicals

Dopamine hydrochloride, isoproterenol, serotonin hydrochloride, salbutamol
sulfate, histamine, methyldopa) epinephrine and epinine purchased from Sigma-Aldrich
(Milwaukee, Wi, USA). Ergocryptine, ergocornine, ergocristine, ergonovine,
agroclavine, pergolide and terguride were obtained from Sigma-Aldrich (Milwaukee, WI,
USA). N,N-methylenebisacrylamide (MBAA), methacrylic acid (MAA) and acrylamide
(ACM) were purchased from Aldrich Chemical Company (Milwaukee, WI, USA). 2,2'-
Azobis-(isobutyronitrile) (AIBN) was purchased from Janssen Chimica (Geel, Belgium).
Sodium heptanesulfonate and pentafluoropropionic anhydride were purchased from
Sigma-Aldrich (Milwaukee, WI, USA). MAA was purified by distillation under reduced
pressure. Working standard solutions were prepared daily. All solvents were of either

analytical or HPLC grade.

2.2. Apparatus
UV absorbance measurements and spectra were recorded using a Hewlett-

Packard diode array spectrophotometer Series 8452A (CS, USA). Fluorescence

measurements were performed with a LS50B Perkin Elmer luminescence spectrometer
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equipped with a 150 W xenon lamp (CT, USA). C,H,N analysis of polymers was made
on the CE Instrumentals Flash 1112 (Milan, Italy). An Agilent 1100 HPLC system
(Hewlett-Packard, CS, USA) consisting of a G1322A quaternary pump, G1322A in-line
solvent degasser, G1313A auto injector (20 ul injection loop), equipped with a Hewlett-
Packard 1049A programmable electrochemical detector by a 35900E Hewlett-Packard
interface was employed. HPLC data were collected and analysed on a personal

computer using HP ChemStation (Hewlett-Packard, CS, USA).

2.3. Polymer Synthesis

The DS-MIP was prepared by in situ polymerization of MAA, ACM and MBAA at
1:2:2:10 mole-ratic of template:MAA:ACM:MBAA, but in the presence of D and S as
mixed template at 1:1 mole ratio. In study selectivity of the DS-MIP, the dopamine and
serotonin molecularly imprinted polymer made by using single temblate polymerization
was used as the reference polymer. The single-recognition MIPs were prepared by
using D and S as single template, using 2 mole-ratio of the template and the same
monomeric ratio as that used for preparation of the multiple-recognition material, DS-
MIP. A non-imprinted polymer (NIP), which was included as the control, was prepared in
the same way as the MIPs but omitting the template molecules. The polymers were
synthesized and characterized by using the procedure described previously'®. In the
typical polymer synthesizing process, the monomeric components were dissolved in 25
ml of a methanol/water (4:1 v/v) mixture. Subsequently, the solution was purged with a
stream of nitrogen gas for 5 min to remove the radical scavenger oxygen. The
polymerisation was carried out at 60°C for 18 h in a hot-air oven.  The resulting
polymers were crushed, ground and sieved through a 100 mesh-sieve. The polymer
particles were washed with many portions of first 10% v/v acetic acid in methanol (500

ml) and methanol (500 ml). Complete extraction of the tempiate molecule from the
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polymer was confirmed by the absence of the template in a methanol rinse of polymer,
as verified using the fluorescence spectroscopic method same as that in the binding
analysis study. Finally, the polymer particles were dried under vacuum and stored at
ambient temperature until required. The dopamine and serotonin imprinted polymer of
single polymerization was achieved by mixing an equal amount of two individual
recognition MIP at 1:2:2:10 mole ratio of template:MAA:ACM:MBAA. The physical
properties of the DS-MIP: mean size, size distribution, pore volume, surface area and

degree of swelling were determined'®.

2.4. Determination in Selectivity of DS-MIP

The recognition property of the DS-MIP , NIP and the reference polymers {1:1
wiw D-MIP and S-MIP mixture, D-MIP and S-MIP) was evaluated in a various solvents :
acetonitrile, water, methanol and methanol/water mixture (4;1 v/v) in parallel
experiments with two individual recognition MIP (D-MIP, S-MIP)and the dopamine and
serotonin imprinted polymer artificial receptor prepared using a single polymerization
method after equilibration of the polymers with a solution of print molecules at room
temperature (30 +1 ° C). In a typical binding assay, the polymer powder (50 mg) was
added to 5 ml of the solvent containing 5 pg.ml™ of the printed molecules 5 ml of the
pure solvent (blank), and the suspension stirred for 24 h at room temperature
(301 °C). The polymer particles were then filtered off and the filtrate was analysed for
the printed molecules by fluorescence spectroscopy. The measurement in fluorescence
intensity of the tested filtrate was conducted at 320 nm emission wavelength following
excifation at 279 nm for dopamine analysis and at 335 nm emission wavelength after
the excitation at 330 nm for serotonin analysis. The quantity of printed molecules in the
solution was determined by reference to a calibration curve. The amount of bound drug

was obtained by subtracting the amount of free drug from the total amount of the drug
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added. Recognition data as shown by selectivity factor ( «) value, which was the ratio of

the amount of substrate bound by the MIP to that bound by the NIP.

2.5. Determination in Binding Characteristics of DS-MIP.

The binding characteristics of the DS-MIP as well as that of the related single-
recognition MIPs (D-MIP and S-MIP) and of the corresponding non-imprinted polymer
were examined at room temperature using 25-mg samples of polymer with template
solutions ranging in concentration from 0.1 to 100 pg.ml™, using methanol/water (4:1,
viv) mixture as medium. The amount bound (Q) was determined at each print
molecule/polymer molar ratio. The binding parameters were determined from the
equation, Bound/Free = (Bmax-B)/Kq4, Where Ky is the equilibrium dissociation constant,
and Bpax is the maximum number of binding sites which were obtained from the slope
and intercept on x-axis of the straight line of the Scatchard plot, respectively. The mean

drug binding constants calculated from triplicate independently derived results.

2.6. Determination in Specificity of DS-MIP

The DS-MIP was evaluated for recognition ability using the templates and
analogs such as salbutamol (SB), isoproterenol (/P), epinephrine (EP), methyldopa
(MD) and histamine (HT) as the substrates, in saturation binding experiments. To verify
cross-selectivity of the DS-MIP, saturation binding experiment of the related single-
recognition MIPs (D-MIP and S-MIP) was also performed. In a typical binding assay,
the polymer (25 mg) was added to 5 ml of methanol/water (4:1, v/v) mixture containing
2.5 pg/mL of analyte of interest or 5 ml of the pure solvent (blank), and stirred overnight
at room temperature for equilibrium to be established. The polymer particles were then
fltered off and the filtrate was analysed for the analyte using fluorescence and UV

spectroscopy as previously repor’ted‘e. The quantity of drug in the solution was
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determined by reference to a calibration curve. The amount of bound drug was obtained
by subtracting the amount of free drug from the tota! amount of the drug added. The
specificity was shown as cross-reactivity (%CR) value obtained by determining each
specific the amount of compound sorbed per unit weight of MIP related to the amount of

printed molecule sorbed.

2. 7 Determination in Binding Reaction of Ergots to DS-MIP

DS-MIP particles (2.5 mg/mL) were incubated between 0 and 12 h in 10-ml vials
at room temperature by agitation with a 1.5 ug/mL of the tested ergot in 5 ml of
methanolwater (4:1 viv). At 0, 0.5, 1, 3, 6 and 12 h, the filtrate was analysed for the
amount of unbound analyte by HPLC method described below. The percentage of each
ergot bound to the polymer was plotted as a function of the incubation time. All solutions
were prepared in triplicate and each ergot sample was analyzed three times.

A reversed phase HPLC-ECD detection method was used for the quantitative
analysis of all ergot samples, except agloclavine sample. Mobile phase comprising
34:66 (v/iv) a 15 mM KH,PO,, 3.75 mM, sodium heptanesulfonate and 7.5 mM KCI
aqueous solution adjust pH 4 by phosphoric acid : methanol was used for elution. The
analytical column was a Luna 5x Cyg, 25 ¢cm x 0.46 cm (Phenomenex, USA). A fiow-
rate of 1.0 ml min! was used. The electrochemical detector was set at 0.8 V potential.
The analysis of the agroclavine contenf of the samples was performed using a HPLC-
fluorescence detection method. The column was a Luna 5u Cis, 25 cm x 0.46 cm
(Phenomenex, USA). The mobile phase was 2575 (v/v) 1 M ammonium
acetate:acetonitrile and a flow rate of 1.0 mi/min was employed. The fluorescence
detector was set at Aex 310 nm and Aem 410 nm. Correlation coefficients for the

calibration curves of the ergots in the range 2-25 pg.ml™" were greater than 0.999. The
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sensitivity of detection was 1.3 pg.mi' and the reproducibility of the peak areas of

analytes was more than 85%.

2.8. Fluorescent Competitive Molecularly Imprinted Ligand Binding Assay

The chosen ergoline-related compounds were assessed for their ability to
displace D or S bound to the MIP. A twenty-five milligram of DS-MIP was incubated
with 2.5 mL of methanol/water (4:1 v/v) containing 2.5 ug/mL of either D (or S) and 2.5
mL of methanol/water (4:1 v/v} containing ergot within the concentration range 0.02-
1000 pg/mL, for 6 h at room temperature (28+1 °C). The changes in fluorescence
intensity of D in solution were monitored at 320 nm following excitation at 279 nm or S
in solution at 335 nm after the excitation at 330 nm. The decay in corrected
fluorescence intensity as a function of competitor concentration was used to determine
the midpoint of the competition (/Csp). An apparent (K;) value was calculated using K; =
[ICso/(1+[LVKy), where K; = apparent inhibitor constant, [L] = free concentration of
dopamine or serotonin, and Ky = apparent dissociation constant of a given MIP for
dopamine (or serotonin). The binding of original probes in the presence of competitors
was calculated and reported as the % binding of printed molecule to sites on the DS-

MIP. Each experiment was repeated three times.

2.9. Determination in Affinities of the Ergots on Natural Receptor

The tested ergots were assessed for dopamine and serotonin binding affinities in
immunocompetitive experiment using serotonin and dopamine-discarded receptor of
male-Wistar rats with the exogenously added dopamine (or serotonin) as the molecular
probe. The rat hypothalami receptors were isolated using the procedure described
previousiy'®, and followed by washing with 50 mM Tris HCI, until the endogenous

dopamine and serotonin are no longer found in the rinse as verified by the fluorescence
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method that was described in the competitive fluorescence imprinted polymer binding
experiment. The resulting pellet was examined for protein content by using the
procedure of Bradford®®. The pellets containing the discard receptors were re-
suspended in 50 mM Tris HCI with 0.5 mM Naz;EDTA, 0.1% Na ascorbate before use.
Saturation experiments for the extract rat hypothalamus receptor were carried out by
varying the concentration of D or S ligand using 50 mM Tris HCI with 0.5 mM Na;EDTA,
0.1% Na ascorbate as medium, at 37°C. The Scatchard plot analysis revealed that the
binding sites of the extract rat hypothalamus receptor constituted a single population.
The dissociation constant (K3) and receptor binding (Bmax) values were also determined
to be 121.9 + 3.69 uM (n =3) and 0.36 + 0.011 nmol/mg protein (n =3), respectively for
the D, and a K; of 53.18 + 2.89 uM (n=3) and 0.37 + 0.04 nmol/mg protein (n=3),
respectively for the S. The ability of 6-8 concentrations of test ergot to displace 0.2
pmole D or S probe was measured in drug displacement studies. The D/S binding was
saturated with high affinity. To verify the equilibrium binding constant for the ergots, the
unbound forms of the D and S probes was analysed by using GC-MS analysis method
with the use of cation exchange resin to separate the protein bound and unbound of the
probes. All experiments were performed with triplicate determinations using 50 mM Tris
HCI with 0.5 mM Na;EDTA, 0.1% Na ascorbate as medium, to which 10 mg of protein
was added giving a final volume of 1 ml. The tubes were aliowed to equilibrate for 30
min at 37°C before filtering with a 0.45 prh cellulose acetate syringe filter (Whatman,
NJ, USA) followed by two 5 ml washes using ice-cold Tris-buffer. Filters were
lyophilized and analysed for free probes. The supernatant aliquots were then passed
through small columns of Amberiite CG-50 as previously reported?’. The 3 ml of 1:3,
viv formic acid-ethanol eluates containing the analytes were evaporated to dryness in a
polyethylene vial and the residues were reconstituted with methanol before assay with

fluorescence spectrometer. The binding of D and S probes in the presence of the ergots
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method that was described in the competitive fluorescence imprinted polymer binding
experiment. The resulting pellet was examined for protein content by using the
procedure of Bradford®®. The pellets containing the discard receptors were re-
suspended in 50 mM Tris HCI with 0.5 mM NaEDTA, 0.1% Na ascorbate before use.
Saturation experiments for the extract rat hypothalamus receptor were carried out by
varying the concentration of D or S ligand using 50 mM Tris HCI with 0.5 mM Na,EDTA,
0.1% Na ascorbate as medium, at 37°C. The Scatchard plot analysis revealed that the
binding sites of the extract rat hypothalamus receptor constituted a single lpopuiation.
The dissociation constant (Ky) and receptor binding (Bmax) values were also determined
to be 121.9 + 3.69 nM (n =3) and 360 + 11 pmol/mg protein (n =3), respectively for the
D, and a Kyof 53.18 + 2.89 nM (n=3) and 370 + 40 pmol/mg protein (n=3), respectively
for the S. The ability of 6-8 concentrations of test ergot to displace 0.2 pmole D or S
probe was measured in drug displacement studies. The D/S binding was saturated with
high affinity. To verify the equilibrium binding constant for the ergots, the unbound forms
of the D and S probes was analysed by using GC-MS analysis method with the use of
cation exchange resin to separate the protein bound and unbound of the probes. All
experiments were performed with triplicate determinations using 50 mM Tris HCI with
0.5 mM Na,EDTA, 0.1% Na ascorbate as medium, to which 10 mg of protein was
added giving a final volume of 1 ml. The tubes were allowed to equilibrate for 30 min at
37°C before filtering with a 0.45 pm cellulose acetate syringe filter (Whatman, NJ, USA)
followed by two 5 ml washes using ice-cold Tris-buffer. Filters were Iyophilized and
analysed for free probes. The supernatant aliquots were then passed through small
columns of Amberlite CG-50 as previously reported®’. The 3 ml of 1:3, v/v formic acid-
ethanol eluates containing the analytes were evaporated to dryness in a polyethylene
vial and the residues were reconstituted with methanol before assay with fluorescence

spectrometer. The binding of D and S probes in the presence of the ergots was
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was calculated and plotted fo the ergot concentrations for determination of /Cs. An
apparent K; value was calculated same as that in the competitive fluorescent

molecularly imprinted polymer ligand binding assay.

3. Results and discussion
3.1. The MIP and characteristics

A dopamine and serotonin molecularly-imprinted polymer {(DS-MIP) artificial
receptor was synthesized by the thermal polymerization of methacrylic acid and
acrylamide using N,N-methylene-bis-arylamide as cross-linking monomer in the
presence of dopamine and serotonin (see chemical structure in Figure 1) as the
template in agqueous methanol solution. MAA and ACM were adopted as the functional
monomer mixture for imprinting of the polymer with dopamine and serotonin templates,
because the carboxylic group or the amide group of these monomers is capable of
interacting with the acid group and amino group of either two printed molecules. This
could give a great variety of chemical properties, which could be useful to exploit many
different interactions such as ionic, hydrogen bond and charge transfer interactions, with
the templates. MBAA was employed as cross-linking monomer of this work, due to its
anticipated property of giving a flexible and conformationally adaptable to the polymer
as the protein-based natural recognition systems. The chosen functional monomers
and cross-linker were constructed into the MIP structure with a view to increasing the
possibility of obtaining an efficient recognition system in a polar medium, thus mimicking
the binding environment of natural receptors. A mixture of methanol and water (4:1, v/iv)

was chosen as the porogen solvent since the templates are soluble only in polar

solvent.
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Figure 1: Structure of templates and ergot compounds studied in this work.

The physical characteristics of the DS-MIP was examined, which the DS-MIP
had particle sizes in the range of 20-37 pm as determined by a laser diffraction (Malvern
Mastersizer, Worcester, UK) and pore diameters of the polymers were inspected by
nitrogen adsorption/desorption techniques using a Coulter SA3100 series surface area
and pore analyzer (Coulter, USA), which the range of 18-55 nm and pore volumes in the
range of 0.21-0.31 mlfg were found (see table 1). The polymer particles possessed
micropores in the polymer network and swelled in several aqueous solvents (i.e.
acetonitrile, methanol, water and 4:1 (v/v) methanol:water). The DS-MIP was found to

have swollen to a greater extent than the non-imprinted polymer in all the solvents

studied.
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Table 1: Characteristics of polymers.

Polymer Print Elementa! analysis (%) Particle Pore Pore BET Specific swelling
molecule size”  diameter volume Surface (mi/mi)

(um) (nm)  "(mltg) area®™
{m'ig)

c H 0 N Acetonitrile MeOH  Water  Mixture®

NIP - 55.7 76 234 133 36.72 54.55 0.26 213.32 0.9 0.6 0.6 0.3
(0.007)  (20.78)

D-MIP D 551 74 243 133 19.93 25.21 0.24 130.41 0.2 1.1 1.0 0.9
(0.014)  (34.37)

S-MiP S 53.6 72 254 138 19.43 21.09 0.31 158.41 0.4 1.4 2.0 2.2
(0.005) (14.76)

DS-MIP Dand § 53.7 71 257 13.5 22.23 18.36 0.21 133.3% 06 1.4 20 1.6
(0.008)  (17.46)

d) Approximate mean in particle size.

e} The micropore surface and pore volume {values in parenthesis) from a t-plot using Harkins-Jula average thickness.

f) Referto 4:1, v/v methanol:water solvent.
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The selectivity of DS-MIP was generated by the multiple-template imprinting
approach to create multiple dopamine and serotonin-binding site in the imprinted
receptor. For this method, it offers a rapid and easy means capable of providing a
multiple-recognition for a MIP. However when making a MIP with different combination
of templates, a selectivity pattern can be generated with selectivity pattern having broad
recognition range for compounds. The selectivity pattern achieved with the DS-MIP that
was obtained by multiple-template polymerization may be different, so that the
selectivity profiles and screening outputs of the DS-MIP were verified upon comparison

study with the MIP made as single-récognition material either as individual or mixture.

3.2. The selectivity of DS-MIP

An evaluation of the presence of an imprinting effect in DS-MIP was performed in
a various aqueous media using batch binding assay in parallel experiment with the
reference polymers (1:1 w/w D-MIP and S-MIP mixture, D-MIP and S-MIP) and
corresponding non-imprinted polymer. Figure 2 show the binding of D and S to the DS-
MIP and reference polymers when incubated in acetonitrile, methanol, methanol/water
(4:1 v/v) mixture and pure water. The %binding of D énd S were highest in acetonitrile
and lowest in the mixture of methanol and water solvent. However, the non-specific
adsorption of D and S binding sites were high in acetonitrile as well as methanol and
water. The template recognition of DS-MIP and that of all the reference receptors is
highest in the mixture of methanol and water solvent, showing that this solvent used as
the synthesizing medium of the MIP receptors was good solvent for selectively binding
of either D or S to the polymer receptors. The binding results for D and S of either
related single-recognition MIPs (D-MIP, S-MIP) were corresponded to those of the DS-
MIP. Apart from this, %binding of either D or S for DS-MIP was not to be different from

that on the dopamine and serotonin imprinted polymer made as single recognition
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material {(1:1, w/iw D-MIP and S-MIP mixture). The results showed that it is possible to
prepare DS-MIP with a good recognition towards D and S in an aqueous solution.

A

120 - E NP
gD-MP
os-mpP
100 + / B D-MP and S-MIP mixture
/ ODS-MP
Lol fE
S ol |
8 40 %
.
%
20 | %
.
0. _ . .
acetronitile methanol methanol:water water
B
120 - ENiP
BO-MIP
100 - as-MipP
BAD-MIP and S-MIP mixture
gbDs-miP
80 -
R
U; 60 -
e}
C
2 40 -
(1]
20 -
0 4

L] L] L)
acefronitife methanol methanol:water water

Figure 2: Effect of solvent on the % binding of the print molecules bound to various
molecular artificial imprinted receptors and corresponding NIP
synthesized in this study. The values shown are mean + SE of 3 replicate
specimens.
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3.3. Binding characteristics of DS-MIP

Table 2 shows dissociation constant (Kg) and binding capacity (Bmax) values of
the higher and lower affinity binding sites of the imprinted and non-imprinted polymers.
The Scatchard analysis of DS-MIP and the single-recognition polymers as well as the
non-imprinted polymer showed that the recognition sites of the polymers prepared are
heterogeneous. The imprinted polymers contain high proportion of high-affinity binding
sites but that minor tow-affinity binding site being present. it can be observed that
binding affinity of the D/S probe to the control polymer was very low in all cases.
Generally, the binding of S ligand on BS-MIP and the reference MIP (D-MIP, S-MIP) is
greater than that for D ligand. Moreover, the binding affinity of DS-MIP with D and S
ligands is higher than that of the single-recognition MIPs (D-MIP, S-MIP), whilst binding
capacity of these two MiPs are not different for both D and S. The non-printed molecule
D and S can also bind to the single-recognition MIPs, S-MIP and D-MIP, but that having
less affinity than that of the printed molecule. This means that the single-recognition
MIPs exhibit cross-reactivity to the compound that is structurally closely related to the
template. DS-MIP which was prepared with the use of D and S as the mixed template
gave higher affinity to both D and S than the single-recognition MIPs did. The selectivity
generated into DS-MIP is likely derived both by imprinting and cross-reactive effects of

the imprinted polymer.
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Table 2: Dissociation constant (Ky) and binding capacity (Bnax) of the polymers. The
values shown are mean + SE of 3 replicate specimens.

Polymer Ligand High-affinity binding site l.ow-affinity binding site

Ks(10°M)  Bpa (Hmolig) K (10°M) Bax (Hmolig)

DS-MIP D 0.7+00 31x09 100021 94+£33

S 0.3x0.0 36+£0.1 16.7+1.3 11957
D-MIP D 1.1£03 35207 125+6.0 09100

S 20x12 51+29 353+210 31222
S-MIP D 28x16 36+£17 1000+ 3.6 74+08

S 0.7+0.1 47x20.3 144 9+ 453 12409
NIP D 141+ 35 04+£0.2 74+41 27+11

S 500+ 233 1.5£06 16%£1.3 15.1+£12

3.4. The specificity of the DS-MIP

The dopamine and serotonin selectivity of DS-MIP was generated by multiple-
template imprinting technique using template mixture molecules. Using multiple-
template imprinting method, it offers a rapid and easy means capable of providing a
multiple-recognition for a MIP. However when making a MIP with different combination
of templates, a selectivity pattern can be generated with selectivity pattern having broad
recognition range for compounds. The selectivity pattern achieved with the DS-MIP that
was obtained by multiple-template polymerization may be different, so that the
selectivity profiles and screening outputs of the DS-MIP were verified upon comparison
sfudy with the corresponding single-recognition MIPs and a mixture of these single-

recognition MIPs.
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The selectivity range of DS-MIP was examined with respect to recognition
selectivity of various adrenomimetic ligands (i.e. dopamine serotonin, salbutamol,
isoproterenol, epinephrine and methyldopa) (MD) and serotomimetic lgands (i.e.
serotonin and histamine} by using batch binding experiments. A control experiment was
carried out using the relative single-recognition MIPs, D-MiP and S-MIP as reference
polymers. Figure 3 shows %binding of various adrenergic ligands and serotonergic
ligands to DS-MIP and the reference MIPs. The results showed that %binding value of
the printed species on either DS-MIP or either two single-recognition MIPs was higher
than that of other ligand species. In addition, the results suggest that the closely
structure to the templates bound more effectively for either DS-MIP or the single-
recognition MIPs. The cross-reactivities shown by DS-MIP and the reference polymers
for various ligands indicate that a basic structure theme is sufficient for recognition.
Since the common demomination of the structure of the ligands studied is the
phenylethylamine unit, substituents on this structure lead to variations in recognition.
Both D and S printed molecules which did not have hydroxyl group at 8-position of the
phenylethylamine skeleton. It was found to be most favourably bound by the DS-MIP
and the reference polymers compare to that of other structurally related compounds.
The binding of either B8-OH-phenethylamine or methyl-substituted phenethylamine
derivative (i.e. methyldopa) was similar order in the single-recognition MIPs and the DS-
MIP. The single-recognition MIPs showed high cross-reactivies with a wide range of
adrenomimetic and serotomimetic ligands than the DS-MIP did. The DS-MIP prepared
by using multiple-template imhrinting technique presents a great specificity to D and S
ligands with partial cross-reactivity due to template mixture.

The DS-MIP and the corresponding single-recognition MIPs selectively
recognised the D and/or S print species which has a phenethylamine structure better

than g-OH-phenethylamine compounds, epinephrine, salbutamol, isoproterenol and
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methyldopa. This may be due to steric constraints imposed by the hydroxyl group in
three-dimensional arrangement of the compounds, such that they interact less
favourably with the 8-hydroxyl group. Histamine which has an imidazole ring in its
structure, favourably bind to the S-MIP, but give less affinity for the D-MIP. This
indicates that the catechol structure is necessary for ligand binding of the D-MIP, whilst
this is not crucial in case of S-MIP. The DS-MIP prepared in this study demonstrates the
recognition patterns for dopaminergic and serotonergic agents similarly to the native
receptors. indeed, the biogenic amines, norepinephrine, dopamine, and serotonin can
be viewed as structural elements of the ergoline ring system that is shared by all the
ergot alkaloids. Therefore, the DS-MIP produced in this work is able to be used as a
receptor for preliminary screening of new dopamine/serotonin agents and for

determination receptor-ligand binding of new ergot-derived molecules.
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Figure 3: The % binding of various adrenergic ligands and serotonergic ligands for D and S binding site on (a) the DS-MIP and
(a) the related single-recognition MIPs (mean % SE, n
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The DS-MIP was adopted for a preliminary screen of a group of ergoline
derivatives, initially the specific sensitivity for binding of seven tested ergots
(ergocryptine, ergocornine, ergocristine, ergonovine, agroclavine, pergolide and
terguride) were assessed in the absence of D or S probe in 4:1 (v/v) methanol/iwater at
room temperature (2811 °C), using a MIP siurry of 5 mg/mbL. The percentage binding of
the 2.5 pg/mL of ergots as a function of time is depicted in Figure 4. The %binding of
ergots on DS-MIP when measuring in the absence of D/S was constant within 3 hr. The
binding value of the ergopeptine compounds (i.e. ergocryptine, ergocristing,
ergocornine) is about two times lower than that of clavine derivative, agroclavine. By
contrast, the lysergic acid derivatives (i.e. ergonovine, pergolide, and terguride) have
percentage binding lower than that of the clavine but higher than that of the

ergopeptines.
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Figure 4: Time course for the binding of ergots on the DS-MIP at room
temperature. The values shown are mean £ SE of 3 replicate specimens.

-64-



The %binding obtained from this study reflects to the specific binding of the ergots with
the DS-MIP, which three libraries of the tested ergots were achieved, and this correlated
to their molecular structure.

Preliminary studies was carried out to determine binding reactions of the ergots
(ergocryptine, ergocornine, ergocristine, ergonovine, agroclavine, pergolide and
terguride) on DS-MIP binding sites when incubated either with D or S probe, which
%binding of the ergots was analysed by using a competitive assay which measured the
ability of various ergoline compounds to displace bound D or S probe with the use of
chromatographic method for analysis of the unbound ergot in incubation medium. With
the addition of D probe, %binding of pergolide and tergolide change in the concentration
range between 0.1 and 5 yg/mL %binding of ergonovine changes in the concentration
range between 1 and 100 pg/mL and %binding of ergocornine, ergocriptine and
ergocristine change in the concentration range between 1 and 500 pg/mL. In contrast,
the displacement of S probe yields the lower change in binding of the ergot than that of
of D probe and generally the change of binding occurred in the range of 1-50 pg/mL for
pergolide, tergolide, ergonovine or agroclavine and 1-250 pg/mL for ergocriptine,
ergocornine or ergocristine. The result suggests the ability of the ergots to act as the
competitors of D/S bound to DS-MIP and also the differences in competition reaction of
various ergots with the D/S ligand. In addition, the increasing amounts of the ergot
enabling increased ergot-binding in the medium containing D or S indicates reversibility
of ligand-receptor interaction in the DS-MIP as well as having high specific activity to D
and S ligand of the DS-MIP, which would be a suitable indicator of ligand binding

activity of ergots for this receptor system.
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3.5. Screening of Dopamine/Serotonin Binding Receptor of the Ergots by DS-MIP

The greatest utility of the displacement assay with DS-MIP using D/S as a
fluorescent probe may be in its ability to serve as a screen for novel ligands of the
dopamine and/or sérotonin binding receptor. The determination in ligand binding
activity of ergots by chromatography had proven to be expensive and time consuming,
which is not suitable for h-igh-throughput screening of drug development. This work
demonstrates an application of DS-MIP, which adapted to fluorescence assay study. A
group of ergot derivatives, comprising with four ergopeptine derivatives such as
ergocryptine, ergocornine, ergocristine, ergonovine, one clavine agroclavine, and two
amide of lysergic acids ; pergolide and terguride has been characterized as to their
ligand binding activities on competitive fluorescence imprinted polymer binding assay
protocol performing in presence of D or S as a fluorescent probe. Figure 6(a-b) shows
competitive binding assays with the various ergoline compounds and the different
probes (D and S) when conducted with the competitive fluorescent molecularly
imprinted assay using DS-MIP as adsorbent phase. Typical sigmoid calibration curves
similar to those by competitive immunoassays were obtained with both D and S probe.
The apparent inhibition constants (Kj) obtained from these experiments are listed in
Table 3. The lower the K;, the greater receptor binding. The related affinity of DS-MIP
for molecules related to the template molecules was greater than for ergot in particuiar
showing modest either dopamine receptor or serotonin receptor displacement
characteristics. There are differences of each ergot for competitive binding with D or S.
All ergopeptines displaced D binding with affinities about four fold lower than the
lysergic acid derivative, which had affinity about four and two fold lower than the clavine
derivative for D and S binding site, respectively. Both lysergic acid derivatives and
clavine derivatives bound to D with higher affinities than those bound to S. All

ergopeptines has low affinity at both of D binding sites and S binding sites.
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Figure 5: Calibration curves for ergot compounds obtained from competitive
fluorescent molecularly imprinted assay with DS-MIP competitive binding

assays using (a) D and (b) S as a probe. The values shown are mean *
SE of 3 replicate specimens.
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All of the lysergic acid derivatives bound to D binding sites and S binding sites with
affinities similar to each other. Therefore, this assay demonstrates that all the ergot
studied act as a dopamine/serotonin binding receptor and that the binding
characteristics of the compounds are similar, but not identical. These experiments also
confirm the ability of this assay using the DS-MIP as a receptor mimic to identify new
ligands for the dopamine/serotonin binding receptor. The affinity of all those ergots on
natural receptor was evaluated to compare in the ligand binding activity of the tested
ergots. As seen in Table 3, the DS-MIP in a competitive fluorescent ligand binding
assay for ergot produced results which were comparable well to those obtained using a
competitive immunoassay data obtained using dopamine/serotonin receptors derived
from the rat hypothalamus, although the natural receptor showed very high affinity to
each of the ergots. The current study shows that the assay with DS-MIP is highly
specific and affinity is similar to natural receptors, is applicable for screening the ergot
family.

Table 3: Binding affinities (inhibition constant [K}) for DS-MIP (mean + SE, n=3) and rat
hypothalamus receptor (mean + SE, n=4) of the ergots.

Ergot ® . The DS-MI.P . The natural ref:eptor
D ligand, umol/L S ligand, ymol/l. D ligand , nmol/L S ligand , nmol/L

ergocryptine 111.60 + 0.99 103.30 + 0.57 106.30 + 1.06 312.2+7.78
ergocristine 130.80 + 1.20 93.30 £ 0.50 285.20 + 2.12 195.5 + 4.81
ergocornine 229.80+2.12 110.0+0.64 388.50 + 3.25 58.9 + 1.48
pergolide 0.45 + 0.01 17.0+0.07 262.90 + 3.82 187.2 + 4.67
terguride 0.59 + 0.01 21.60+0.14 1.87 + 0.07 36.60 + 0.92
ergonovine 4480 + 0.42 33.30+0.24 97.85+2.26 33.90+0.85
agroclavine 0.79 + 0.01 19.16 + 0.18 585+1.13 33.50+0.85

? See Figure and text for the structure of the ergots.
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As previously stated, ergot derivatives usually contain dopaminergic/adrenergic
- pharmacophore and serotonergic pharmacophore, and their pharmacological activities
are responses mediated by adrenergic, serotonin or dopamine receptors. Either
dopamine or serotonin is an important neurotransmitier, acts on those receptor types.
The competitive fluorescent ligand binding data achieved with using DS-MIPs may be
useful for evaluating in binding competition of ergot derived molecule with one of the
dopamine and serotonin neurotransmitters. The study of biomolecular binding events in
areas such as proteomics, neuroscience, cancer research, developmental cell biology,
structural biology and immunology is essential for the understanding of the fundamental
mechanisms of living cells. The fluoresecent molecularly imprinted binding assay with
DS-MIP offers a direct detection and monitoring of biomolecular binding events in real
time without labeling and without purification of the substances involved to determine
the binding specificities of possible new ergot derivatives. The assay could provide the
way to measure the speed of binding events. Indeed the dopamine and serotonin
receptor of biological sources has many subtype and the assay with DS-MIP can not
distinguish between agonist and antagonist agents either of the subtypes of receptors,
but that this technigue has been useful in describing the binding specificities for a newly
described member of the ergot family, as particularly when combines the experimental
studies with molecular modeling. Even though the basis of the affinity for the biological
dopamine and serotonin receptor and the DS-MIP sorbent phase were completely
different, but that this technique can be used to preliminary screening of ergot family,
and to identify high affinity ligand and to discriminate for the dopamine/serotonin specific
receptor. In addition because the DS-MIP does not derive from biological origin, there is

no problem as the among class variation among biological receptors.
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4. Conclusion

In this report, we have shown that the prepared dopamine and serotonin
molecularly imprinted polymer artificial receptor bind dopamine and serotonin with high
affinity and that this assay can be used to examine the dopamine/serotonin binding
characteristics of several ergot molecules. Furthermore, this technique has been useful
to serve as a screen and/or describe specificity for a newly described member of the
ergot family. We conclude that the assay with the dopamine and serotonin molecularly
imprinted polymer provides a fast and inexpensive means of analyzing the ligand
binding characteristics for virtually any available ligands. Because the number of
ergoline compounds being modified and reported is increasing rapidly, the dopamine
and serotonin displacement assay can be used as a general tool for the evaluation of
ligand binding affinity and specificity for dopaminergic and serotonergic receptors, i.e.
various members of the ergot derived compounds. In addition, the advantage of
screening of ergot ligands with the MIP artificial receptor by competitive fluorescent
ligand binding assay method is a possible of screening library for both dopamine and
serotonin receptors binding mimics 1o replace their biological counterpart concurrently in

radio-immuno ligand binding assay, accelerating drug discovery and development.
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Abstract

A lemperature sensitive dopamine-imprinted polymer was prepared in 80% aqueous methanol solution by free-radical cross-linking co-
polymerisation of methacrylic acid and acrylamide at 60°C in the presence of N, N-methylene-bis-acrylamide as the cross-linker and dopamine
hydrochloride as template molecule. The resulting molecularly imprinted polymer (MIP) formed temperature responsive materials, which could be
used for the selective separation of appropriate dopamine and adrenergic compounds from a liquid matrix at ambient temperatures. The thermore-
sponsive MIP exhibited a swelling-deswelling transition in 80% aqueous methanol solution at about 35°C. The capacity of the thermoresponsive
MIP to recognise the template molecule when present in aqueous methanel solution changed with temperature, with the highest selectivity found
a1 35°C. Additionally, binding parameters obtained from Scatchard analyses indicate that increasing temperature resulted in an increased affinity
and binding capacity of specific binding sites, but had less effect on non-selective binding sites. Subsequently, the thermoresponsive MIP was
tested for its application as a sorbent material, utilisable in the selective solid-phase extraction (SPE) of dopamine and other adrenergic compounds
(epinephrine, isoproterenol, salbutamol and serctonin) from urine samples. It was shown that the compounds that were structurally related to
dopamine could be removed by elution, while dopamine and serotonin, the analytes of interest, remained strongly adsorbed to the adsorbent

during SPE applications. The thermoresponsive MIP displayed different efficiency in clean-up and enrichments using the SPE protocol at different
lemperalures.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Molecularly imprinted polymer; Polyacrylamide; Dopamine; Adrenergic drugs; Solid-phase extraction: Assay

1. Introduction of memeorizing the shape and functional group positions, com-

plementary to the template molecule [1,2}. MIP receptors of

Natural receptors have evolved so as to achieve molecular  this kind offer much potential in a number of application areas

recognition of ligands with high specificity and often efficiently
bind complex molecules such as proteins. Many studies have
investigated the design and the construction of synthetic recep-
tors to mimic the selectivity of such natural receptors. In par-
ticular preparations of molecularly imprinted polymers (MiPs)
have been investigated as a convenient and applicable means
of creating three-dimensional networks with a cavity capable

* Corresponding author, Tel.: +66 74 288862; fax: +66 T4 428 148/239.
E-mail address: roongnapa.s@psu.ac.th (R. Suedee).

0021-9673/% - see front matter © 2006 Elsevier B.V. All rights reserved.
doi: 10.1016/j.chroma.2006.02.033

including analytical chemistry, separation science, sensor con-
struction and drug design [3-5]. This is because of the potentially
high selectivity and excellent stability of such polymers. For
example, many kinds of MIP receptors have been prepaced for
the selective separation of some target compounds from liquid
matrices, and these have been employed w clean-up procedures
in highly sensitive analyses of such compounds in environmen-
tal and/or biological samples [6,7]. Generally, the preparation
of MIP for organic compounds has been based on the hydrogen
bonding interactions which occur between polymer and sub-
strate in non-pofar solvents and duc to this it is much more
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difficult to prepare MIPs for polar compounds. Consequently,
MIPs prepared for use in the sample preparation of biological
and environmental samples do not usually allow the processing
of samples in aqueous media.

Typically conventional molecular imprinting technology
deals with highty cross-linked materials having relatively rigid
structures, whereas natural receptors in contrast possess a more
flexible and conformationally adaptable structure. The rigid-
ity limits the number of binding sites available to the target
molecule. Many studies have shown that lightly cross-linked
polymer gels can undergo reversible swelling and shrinking
under an external stimulus, which increases the number of bind-
ing interactions with the target molecule [8-10]. Cross-linked
N-substituted polyacrylamides are among the most widely stud-
ied polymeric materials used for the molecular imprinting of
biomolecules such as protein and DNA [11,12]. These poly-
mers continue to receive much attention in the field of controlled
drug delivery [13,14] because they can undergo a temperature-
controlled volume phase transition in aqueous selution {15].
Combining the properties of a thermosensitive polymer with
molecular imprinting techniques may provide a promising strat-
egy for ensuring the system responds more rapidly to an external
temperature change. In the present study, the co-polymerisation
of acrylamide with a cross-linker and additional monomers, in
the presence of a template, was used to synthesize imprinted
polymers, which might exhibit reversible phase transition based
phenomena at ambient temperature.

Dopamine was the compound of interest employed in this
study, as the tempiate molecule. It is a naturally occurring cat-
echolamine, which can bind to adrenergic receptors and its
hydrochloride salt is used in the treatment of acute congestive
heart failure and renat failure [16]. The analytical detection of
dopamine in urine has been reported to provide a valuable diag-

nosis of neuroblastoma in patients. Several methods have been
described including a fluorescence-based method [17] and ion-
exchange chromatography [ 18] both of which allow for precise
measurement of the drug. Urine samples containing dopamine
and its analogs (epinephrine and norepinephrine) have been
analyzed by high-performance liquid chromatography (HPLC)
with electrochemical detection after isolation of the compounds
using ion exchange resins [19]. Integrated MIP and temperature-
controllable mediated transitions could enable a novel selective
extraction method to be developed.

The aim of the current study was to seek to prepare thermore-
spossive imprinted polymers and compare their recognition abil-
ity to that obtained from structurally rigid polymers, prepared
using ethylene glycol dimethacrylate (EDMA) as a cross-linking
monomer. Dopamine (Fig. 1), a polar compound, which is not
soluble in any organic solvents, was used as a template molecule.
It was planned to prepare the polymers in an aqueous methanol
solvent, with a view to strengthening any hydrogen bond inter-
actions between dopamine and the chosen functional monomet.
The temperature-dependence of the recognition property of the
prepared thermoresponsive polymer and its application as an
adsorption phase for the selective extraction of dopamine and
other adrenergic compounds (Fig. 1) from the spiked human
urine samples were also to be investigated.

2. Experimental
2.1. Materials

Ethylene glycol dimethacrylate (EDMA), N,N'-methylene-
bisacrylamide (MBAA), methacrylic acid (MAA) and acry-

larnide (ACM) were obtained from Aldrich Chemical Company
(Mitwaukee, WI, USA). 2,2'-Azobis-(isobutyronitrile) (AIBN)

CH,0OH
|
H HO—CH
. -
N7 00 HO NHy CI
\
N —
H,oNH,CHSC HO OH
HO
Histamine Ascorbic acid Dopamine HCI {Template)
I\I Ci o
Hay H
N CH; CHs
COOH
N
HO H HO HO
Serotonin HCI Epinephrine Methyldopa
OH OH
’ H H
HO N_ M o N \C,CH3
CH_ 1 CHjy
CH; CH;
HO HO
Salbutamol

Isoproterencl

Fig. 1. Structure of dopamine (template molecule), ather adrenergic compounds and non-related probes used in this study.
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Table 1
Polymer composition

Composition (g} MiP1 NIP1 MIiP2 NiP2 MiP3 NIP3 MIP4 NIP4
Dopamine HCI 0.62 - 0.62 - .62 - 0.62 -
MAA 112 1.12 0.56 0.56 - - 0.56 0.56
ACM - - 0.46 Q.46 0.46 0.46 0.46 0.46
EDMA 9.72 9.72 6.48 6.48 6.48 6.48 - -
MBAA - - - - 1.10 1.10 504 5.04
AIBN 0.71 0.71 0.71 6.71 G.71 0.7t 0.71 a7l

was purchased from Janssen Chimica (Geel, Belgium). EDMA
and MAA were purified by distillation under reduced pressure.
Dopamine hydrochloride, isoproterenol, serotonin hydrochlo-
ride, salbutamol sulfate, histamine, methyldopa, epinephrine and
ascorbic acid (Fig. 1) were obtained from Aldrich Chemical
Company (Milwaukee, W1, USA). o-Phthalaldehyde was sup-
plied by Fiuka (Buchs, Switzerland). Working standard solutions
were prepared daily. All solvents were analytical grade and were
dried with a molecular sieve prior to use. The extraction of urine
samples using the MIP cartridge was performed by first dissolv-
ing the drugs of the interest in the drug-free urine of healthy
volunteers.

2.2, Instrumentation

UV absorbance measurements and spectra were recorded
using a Hewlett-Packard diode array spectrophotometer Series
8452A (CS, USA). Fluorescence measurements were per-
formed with a LS50B Perkin-Elmer luminescence spectrom-
eter equipped with a 150 W xenon lamp (CT, USA). Proton
NMR spectra were obtained using a Vanan 500 MHz FI-NMR
spectrometer (CA, USA). The solid-phase extraction study was
developed in off-line mode using a Supelco vacuum manifold
(PA, USA} connected to a vacuum pump. High-performance
liquid chromatography was carried out using an Agilent 1100
system consisting of a quaternary pump, an autosampler, a ther-
mostated column compartment with a built-in-six-port switch-
ing valve and fluorescence detector {CA, USA).

2.3. Polymer synthesis

In this study, four molecularly imprinted polymers {MIP1,
MIP2, MIP3 and MIP4) and corresponding non-imprinted poly-
mers (NIP1, NIP2, NIP3 and NIP4) were prepared using a
thermal method involving free radical polymerization, according
to that reported previously {2]. For the preparation procedure of
these polymers, the polymerizing compositions listed in Table |
were dissolved in 25 ml of methanol/water (4:1, v/v) mixture,
Subsequently, the polymeric mixtures were sonicated under vac-
uum, purged with nitrogen for 5 min and polymerised by heating
in a hot-air oven at 60 °C for 24 h. The resulting polymers were
crushed, ground and sieved through a 100 mesh-sieve. The print
molecule was eluted from the polymwer particles by washing
with three 500 ml portions 10% (v/v) acetic acid in methanol
and subsequently with three portions of 500 ml methanol. Com-
plete extraction of the template molecule from polymer was

confirmed by the absence of dopamine in a methanol rinse of
polymer, as verified using the flucrescence spectroscopic assay
described in Section 2.8. Finally, the polymer particles were

. dried under vacuum and stored at ambient temperature until

required.
2.4. Characterisation methods

The mean size as well as the size distribution of the pre-
pared particles was determined at 25 °C using laser diffraction
{Malvern Mastersizer, Worcester, UK) and water as the suspend-
ing medium. The mean of the triplicate measurements on the
same batch was determined. The degree of swelting of the poly-
mers was determined from the ratio between the volume of the
swollen polymer and the volume of the dry polymer in each
of four solvents; water, methanol, a methanol/water (4:1, v/v)
mixture and phosphate buffer (pH 7.4), using calibrated measur-
ing cylinder. A total of three replicates was used for such test.
The determination of pore volume and specific surface area was
carried out by nitrogen adsorption/desorption techniques using
a Coulter SA3100 series surface area and pore analyzer (Coul-
ter, USA), which enables pores between 0.3 and 200 nm to be
measured. The samples were degassed at 120 °C and a 50-point
pressure table was used. The surface area was determined from a
Brunauer, Emmeitt and Teller (BET) plot whilst the average pore
diameter and the cumulative pore volume were obtained using
a Barrett, Johner and Halenda (BJH) model of the adsorption
isotherm.

2.5. Binding experiments

The ability of the MIP prepared to selectively recognise
the template molecule in comparision to the prepared NIPs
was evaluated in four different solvents; water, methanol, a
methanol/water muxture (4:1, v/v) and pH 7.4 phosphate buffer
after equilibration of the polymers with a dopamine solution. Ina
typical binding assay, the powdered polymer (50 mg) was added
t0 5 ml of the solvent containing 5 pg ml~' of dopamine or 5 ml
of the pure solvent (blank), and the suspension stirred for 24 h at
room temperature (30 £ 17C). The polymer partcles were then
filtered off and the Altrate was analysed for dopamine using a flu-
orescence spectroscopy method. The quantity of drug in solution
was determined by reference to a calibration curve. The amount
of bound drug was oblained by subtracting the amount of free
drug from the total amount of the drug added. The unprinting
factor (cr). which represented the effect of the imprinting pro-
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cess, was the ratio of the amount of substrate bound by the MIP
to that bound by the corresponding NIP.

The binding of dopamine to the thermoresponsive imprinted
polymer (MIP4) and corresponding non-imprinted polymer
(NIP4) was examined at six different temperatures (25, 30, 35,
40, 45 and 70°C) using the binding assay protocol.

2.6. Determination binding characteristics of the
thermoresponsive polymers

The binding characteristics of the thermoresponsive im-
printed polymer (MIP4) as well as the control polymer were
further examined at three different temperatures (25, 35 and
45°C) using 50-mg samples of polymer with dopamine solu-
tions ranging in concentration from 0.1 to 100 pgml™!, using
methanol/water (4:1, v/v) mixture as medium. The amount
bound (Q) was determined at each drug/polymer molar ratio
(R). The binding parameters were determined from the equa-
tion, Bound/Free = (Bmax — BY K4, where Ky is the equilibrium
dissociation constant, and B,y is the maximum number of bind-
ing sites which were obtained from the slope and intercept on
x-axis of the straight line of the Scatchard plot, respectively. The
association constant (K;) value was obtained as the reciprocal of
the Ky value. The mean dopamine binding constants calculated
from triplicate independently derived results,

2.7. Selectivity evaluation

In order to venify selective recognition of the thermorespon-
sive MIP, the equilibrium binding analysis was examined using
both a non-competitive and competitive ligand-binding assay.

2.7.1. Non-competitive ligand binding assay

Non-competitive ligand binding analysis of the polymers was
determined by a saturation binding experiment using serotonin,
salbutamol, isoproterenol, epinephrine and methyldopa as the
related probes and histamine and ascorbic acid as non-related
probes (Fig. 1). Particulate polymer (50 mg) was stirred into 5 m}
methanol/water (4:1, v/v) solution containing 5 wgml~! of each
analyte of interest at room temperature. After 24 h, the filtrate
was analysed for the amount of unbound analyte. The amount
of each compound bound was calculated by subtraction of the
concentration in the filtrate from the concentration in the original
stock solution. The selectivity (%) was obtained by determining
each specific the amouat of compound sorbed per unit weight
of MIP relative to the amount of dopamine sorbed.

2.7.2. Competitive ligand binding assay

In this experiment, the putative binding sites of dopamine on
the polymer were identified by a displacement assay, using the
same molecular probes as those used in the non-competitive lig-
and binding analysis. Particulate polymer {50 mg} was incubated
with 5mi of methanol/water (4:1, v/v) containing 5 pgml~!
of dopamine and a test probe within the concentration range
0.02-20 pg ml~!, for 24 h at room temperature. The changes
in fluorescence intensity of dopamine n solution were mon-
itored at 320 nm following excrtation at 279 nm. The binding

of dopamine in the presence of substrates was calculated and
reported as the % binding of dopamine to sites on the polymer.
Each experiment was repeated three times.

2.8. Analysis method

Dopamine, serotonin, histamine or salbutamol in the sam-
ples was quantified using a fluorescence spectroscopic method.
A sample (1ml) containing dopamine was transferred to a
10.0mt volumetric flask containing 2.0 mt of pH 3.6 acetate
buffer solution, and diluted to volume with methanol. The flu-
orescence intensity of the solution was measured at 320 nm
using an excitation wavelength of 279 nm (limit of quantitation
(1.LOQ)=7.3 ngml~"). The serotonin sample was determined by
adding the sample (1 ml) to phosphate buffer pH 6.5 (2 ml),
diluting with methanol (7 ml) and measuring the fluorescence
intensity at wavelength of 335 nm with excitation wavelength at
300 nm (LOQ=22.4ng mi~1). The assay of histamine in sam-
ples was carried out using 0.2% o-phthalaldehyde as a deriver-
tising agent. The sample (1 ml) containing histamine was trans-
ferred to 200 pl of 1 M sodium hydroxide contained in a 25.0 ml
volumetric fAask. Hydrochloric acid (100 1, 3 M) and 50 pl of
0:2% o-phthalaldehyde was added and the solution diluted to
volume with 4:1 (v/v) methanol/water mixture. The fiuores-
cence intensity of the solution was measured at 430 nm using
an excitation wavelength of 330nm against a reagent blank,
prepared using the same reagent concentrations but containing
no histamine (LOQ = 9.0 ng ml~1). For the assay of salbutamol-
containing samples, the fluorescence intensity was measured at
a wavelength of 309 nm with the excitation wavelength fixed at
218 nm (LOQ =08 pgmi™1).

Isoproterenol, epinephrine or methyldopa in the samples was
assayed by UV spectroscopy using a wavelength of 279 nm
(LOQs of isoproterenol, epinephrine and methyldopa were
120ngml~!, 3.0 pgml~" and 4.6 ug ml~", respectively).

The assay of ascorbic acid-containing samples was per-
formed using a potentiometric titration method. A 2.0 ml sam-
pte was placed in a 150 ml vessel and 2 M potassium chloride
{10 m) added. The solution was diluted to 100.0ml with dis-
tilled water before titration with a standard solution of 0.01 M
sodium hydroxide. The pH values were recorded after the addi-
tion of each (1. 1 ml titrant added. The plot of the titrant volume vs
pH was made to determine the end-point (LOQ=0.5 pgmli ™).

2.9. Solid-phase extraction experiments

Twenty-five milligrams of the particulate polymer suspended
in water was packed into a home-built SPE cartridge com-
prising a borosilicate glass tube (0.5cm in internal diameter,
5cm in length) with a double-walled water jacket for control-
fing temperature. Studies were conducted into the ability of
thermoresponsive MIP to selectively extract dopamine and the
other adrenergic compounds present in the mixture by evaluating
the efticiency of SPE at three dafferent extraction temperatures
{25 °C, room temperature (307 C) and 40°C).

To determine the recovery of bound material from urine sam-
ples at three different temperatures, aqueous solution (1 ml)
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including 5 pgml~! of dopamine and 1.25 pgmi™! of each
adrenergic compound presented as a mixture (serotonin, iso-
proterenol, epinephrine and salbutamot) was added to 4.5 ml of
methanol and this solution was then diluted with human urine to
10 ml, before filtering to remove any insoluble material. A sam-
ple (1 ml) of filtrate was loaded onto the SPE cartridge containing
either MIP or NIP and the eluant collected for analysis. The col-
umn was then washed with 5ml of 4:1 (v/v) methanol/water
mixture and the analytes finally eluted with 5ml of 1% acetic
acid in methanol. Each experiment was run three times, using
three different cartridges. The fractions eluted from each car-
tridge were collected separately and the amounts of recovered
dopamine and other adrenergic compounds present in the mix-
ture were quantified.

A reversed phase HPLC method was used for the quanti-
tative analysis of dopamine and other adrenergic compounds
after solid-phase extraction, using a method adapted from that
reported by Wood and Hall [20]. Briefly, mobile phase A
comprising (.05% aqueous trifluoroacetic acid (THE)-methano!
(97.5:2.5, v/v) and mobile phase B coasisting of 0.05% aqueous
TFA-methanol (40:60, v/v) were used for elution. An injection
volume of 20 ] was employed and the analytical column was
aLuna 5 Ci3, 25 cm x 0.46 cm (Phenomenex, USA). A flow-
rate of 1.0mlmin~! was used over 20-min with the following
gradient: 0.00 min, 100% A; 1.00 min, 100%A; 16.00 min, 50%
A and 50% B (linear gradient from 1 to 16 min); 16.05 min,
100% A to return column to initial condition by 20 min, The flu-
orescence detector used was set at Aex 220 nm and Ao 320 nm.

3. Results and discussion
3.1. Synthesis and characterisation of polymers

Putative thermoresponsive dopamine-imprinted polymers
were synthesised using two functional monomers, MAA and
ACM,; such that the acid or amide group of the monomers might
interact with the hydroxyl groups of the dopamine template,
together with MBAA cross-linker. A mixture of methanol and
water (4:1, v/v) was chosen as the porogen solvent since the
dopamine (HCI) template is soluble only in polar solvent and it
was the aim of this work to generate a MIP for use in an aqueous
environment. :

In the present work, the binding of dopamine to the ther-
mosensitive imprinted polymer was compared to its binding to
the structurally rigid polymers. The latter were prepared by using
EDMA, a cross-linking monomer either singly or combined with
MBAA monomer. Normally, EDMA generates an imprinted
polymer that is compact, inert and highly stable with respect
1o rigidity of polymer structure. Molecularly imprinted poly-
mers and corresponding non-imprinted polymers, consisting of
MBAA and/or EDMA as cross-linker, were created following
a common protocol for MIP synthesis using the compositions
listed in Table 1. The physical characienstics of the polymers
were examined and the data are summarised in Table 2. In
general, the MBAA cross-linked potymers (MIP4, NIP4) were
found to have both a large pore size and pore volume com-

Table 2

Characteristics of synthesised polymers

Specific swelling (ml/ml)

BET Surface

Pore volume®

(ml/g)

Pore diameter

(nm)

Particle

Elemental analysis (%)

Cross-linking
menomer

Functional
monomer

Polymer

Mixture® buffer

Water

MeOH

area® (m?/g)

size* (um)

361
2.17
293
2.63
6.29

5.72
130.41 (34.37)

213.32 (20.78)

0.0010
0.0007

1591
14.42

8.26
12.75
9.36
10.29

5.85

268

7.2
7.1

0.66
65.8

EDMA
EDMA
EDMA
EDMA

MAA
MAA

MIP1

27.1

NIPI

0.0011
0.0006
0.0015
0.0616

8.96
15.21
1872

18.31

73 26.7 0.4

7.1

65.7

MAA-ACM
MAA-ACM

ACM

MIP2
NIP2

0.3

26.5

66.1

L5
1.5

7.2 379
133

7.3

534

MBAA-EDMA
MBAA-EDMA

MBAA

MIP3
NIP3

6.58
16.93
3672

385

527

ACM

0.80
0,27

0.87
0.25

.00
0.57

1,12

0.2369 (0.014)

30.17

7.4 243

5501

MAA-ACM
MAA-ACM

MIP4
NIP4

0.62

0.2633 (0.0068)

54.55

133

234

76

559

MBAA

*Approxinute rmiean in particle size.

P The nucropore surface and pore volume {values in parenthesis) from 4 /-plot using Hurkins-Jula average thickness.

< Refer o 411 (vAv) methanol;water solvent.
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pared with the more structurally rigid polymers (MIP1, MIP2,
MIP3, NIP1, NIP2 and NIP3). Both NIP4 and MIP4 particles
possessed micropores in the polymer network, and also exhibited
specific swelling properties that were different to the structurally
more rigid EDMA-cross-linked polymers. These observations
show that the physical properties of the prepared polymers were
markedly dependent upon the cross-linking monomer employed.
It is apparent that the pore diameter and specific surface area of
the MBAA cross-linked NIP (NIP4) were almost twice as large
as those of the corresponding MIP (MIP4). Also, the pore vol-
ume of NIP4 was larger than that of MIP4. By contrast, pore
diameter, pore volume and specific surface area of the NIPs and
MIPs of the structurally more rigid EDMA cross-linked poly-
mers were not significantly different. Indeed, either MIP4 or
NIP4 was prepared with the same polymer component and the
same polymerising conditions except the print molecule was
present in the polymerising phase orly when the MIP4 was syn-
thesized. Hence, the smaller pore size of MIP4 in comparison to
that of NIP4 must be related to the presence of dopamine dur-
ing the preparation process. Probably, the dopamine template
present in the lightly MBAA-cross-linked polymer gels causes
a compactness of the size of the cavities, within gelling network,
during the change of temperature from polymerising tempera-
ture (60 °C) to extraction temperature (room temperature). This
may have accounted for the specific surface area of MIP4 being
fower than the specific surface area of the control.

3.2. Media effects on ligand-binding of MIPs

The influence of various binding media parametecs (the type
of the solvent, pH and ionic strength) was studied further so as
to provide optimised parameters for binding in aqueous media,
with a view to developing a thermoresponsive imprinted poly-
mer adsorbent suitable for SPE analysis. Initially, the influence
of the solvent on the recognition properties of MIP4 was studied
and the binding of dopamine for_this polymer was compared
with that of the more structurally rigid polymers (MIP1, MIP2
and MIP3). Fig. 2 shows the binding of dopamine to the various
MIPs and corresponding NIPs when sofvated in water, methanol,
methanol/water (4:1, v/v) mixture and pH 7.4 buffer. Dopamine
was bound in lowest amount when present in methanol/water
(4:1, v/v) solvent compared to the other solvents. The non-
specific adsorption of dopamine to all MIPs from methanol,
buffer and water was very high. However, the methanol/water
(4:1, v/v) mixture, which was used as the preparation phase of
the MIPs was found to be a better solvent for selectively binding
of dopamine to the polymers, as the imprinting effect was found
to be most marked in this solvent. In general, the imprinting fac-
tor of the MIPs prepared using mixed functional monomers was
higher than that to the MIPs prepared using a single functional
monomer. The selective adsorption of dopamine to the MIP pre-
pared using MBAA when equilibrated in methanol/water (4:1,
v/v) was higher than that to the MIP prepared using EDMA
(=098 or 1.16) or mixed EDMA/MBAA {o=1.39). This
demonstrates that MIP4, prepared with MBAA as the cross-
tinking monomer, {& =1.87), provided better recognition than
the more structurally rigid MIPs prepared using EDMA as the
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120 4 & buffer [ 80% methanol
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Fig.2. Effectof solvent on the % dopamine (employed as the template molecule)
bound to various (a) MIPs and (b} corresponding NIPs synthesized in this study.

cross-linking monomer. This could be explained by the rigidity
of the EDMA polymer preventing the cavity having sufficient
flexibility to orientate so that maximum binding occurs within
the polymer matrix. Also, the hydrophobic properties of the
EDMA-containing polymer may promote a higher non-specific
adsorption of the drug to the polymer when placed in an aqueous
medium.

MAA and ACM, employed as functional monomers for
imprinting in this study contain both amide and carboxylic acid
functional groups, which can interact with the hydroxyl group of
dopamine via non-covalent bonding. The amide group of ACM
is notionizable, whereas the carboxylic group of MAA monomer
can ionize and hence a change in non-specific adsorption of the
dopamine to the polymer can occur in aqueous medium as a
function of pH. In fact medium pH had a large effect on the
binding of dopamine to MIP4 and NIP4 (Fig. 3) with a low pH
{pH 3 and 4) to much less binding of dopamine to the poly-
mers than occurring at low pH (pH 3 and 4) compared 1o when
the latter polymers were incubated with drug at a high pH (pH
5-1). Dopamine (pK, = 10.6) will be charged positively over the
whole pH working range (pH 3-7), whereas at the higher pH val-
ues the thermoresponsive polymer will be effectively negatively
charged. Thus, non-specific electrostatic interaction between
drug and polymer might be expected to occur and indeed the
amount bound of dopamine bound to the MIP and NIP was
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Fig. 3. Effect of medium pH on the % dopamine {employed as the template
molecule) bound to MIP4 and NIP4.

not significantly different at any of the pH values studied. In
addition, the NIP syathesized in this study had a larger specific
surface area than the corresponding MIP providing a greater atea
for a higher non-specific binding of dopamine from solution.
Since the selectivity of binding between MIP4 and dopamine
was greatest from the methanol/water (4:1, v/v} mixture, it was
thought that this solveat would be suitable to be employed in
any SPE employing MIP4 as the imprinted polymer.

3.3. Temperature effect on recognition ability

The ability of the thermoresponsive MIP (MIP4) to recog-
nize template molecule after a dynamic change in swelling was
evaluated by equilibrium binding analysis. The experiment was
performed at temperatures ranging from 25 to 70°C. Fig. 4a
shows effect of temperature on % binding of dopamine to MIP4
and control polymer (NIP4) in methanol/water (4:1, v/v) mix-
ture. The temperature dependent swelling of the thermorespon-
sive MIP is also shown in Fig. 4b: “Fhe adsorption pattern of
dopamine to the MIP varies with temperature; with sorption
increasing as a function of temperature {see Fig. 4a). A temper-
ature increase from 25 to'35 °C promoted binding of the template
molecule to the MIP, whilst binding to the corresponding NIP
scarcely changed. The imprinting factor of the MIP was highest
at a temperature of 35 °C and this appeared to correspond to the
transition temperature of the thermoresponsive MIP. At temper-
atures beyond 35 °C, it was found that binding of dopamine to
both the MIP and NIP gradually increased but that the increasc
in the binding to the non-selective polymer was greater than
to the MIP (Fig. 4a), resulting in a decrease in the imnprinting
factor {Fig. 4b). This resuht suggests that the higher binding
to the thermoresponsive MIP at high temperatures (=45°C) is
likely to be primarily the consequence of increasing non-specific
adsorption of the template molecules. The % change in bindiog
as a function of temperature also atlows the activation encrgy
of dopamine binding to sites within thermosensitive MIP to be
determined and the latter was found to be 9.83 Kcal mol ="'

The resutts show that binding to MIP4 was temperature sensi-
tive and although a degree of molecular selectivity was apparent
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Fig. 4. Effect of temperature on {(a} the % dopamine on MiP4 and N1P4 and (b)
binding affinity and swelling ratio of polymer of MIP4 in methanol/water (4:1,
vivy{mean £ S.E.,n=3).

either in the more swollen or collapsed states, at the transition
temperature, 35 °C, the recognition of dopamine by the MIP was
maximal.

The size of either MIP or NIP particles was measured before
and after 30 min-exposure to dopamine in methanol/water (4:1,
v/v) solution at temperatures ranging from 25 to 60°C. As seen
in Fig. 5, the thermoresponsive MIP decreased in size in the
presence of template molecule, although this effect was only
apparent at temperatures below 35 °C. In conirast, the change in
the size of polymer particle of the corresponding NIP exposed
to dopamine was relatively little. This result suggests that the
shrinkage of the swollen MIP at fixed temperatures below 35 °C,
which occurs in the presence of dopamine, is a consequence of
the binding of the template molecule at the imprint sites. How-
ever, at temperatures over 35 °C the size of polymer exposed
to dopamine did not change as a function of temperature. It is
apparent that the polymer shrinking/swelling in response to the
presence of template was affected by temperature. At higher
temperatures the MIP forms a highly compact polymer struc-
ture in which binding within the polymer may be hindered. This
could account for the decrease in selectivity of the thermore-
sponsive MIP at higher temperatures (=40 °C). It would appear
that the selectivity of the thermoresponsive MIP is controlied by
the size of the cavities in the polymer, and that conformational
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Fig. 5. Effect of temperature on the mean volume diameter of polymer parti-
cles of the thermoresponsive imprinted polymer, in the presence of dopamine
template in methanol/water (4:1, v/v) {mean + SE., n=3).

changes may be required to open the cavity to enable greater
binding to occur. A previous study has demonstrated that ligand
binding can affect the geometry of a protein binding site, with
significant rearrangements occurring upon ligand binding {21].
An approach towards the handling of ligand-induced domain
movements has been reported by Sandak et al. [22]. The flex-
ibility of the thermoresponsive MIP may enable movement of
the polymer domains forming the binding cavity, which in turn
affects the degree of molecular recognition betweer the ligand
and receptor.

Previous studies have demonstrated that a change in pH, ionic
strength, solvent or temperature can alter the conformation of
polymer chains within structure of MIPs and that these have
a strong effect on the polymer recognition properties [23,24].
Turner et al. [25] showed that any factors that alter the sur-
face potential and conformation of polymer chains will change
the size and shape of template-complementary binding pockets
thereby disrupting binding. These latter workers also reported
that a high buffer concentration can increase the recognition of
the MIP such that a compactness in the structure of the polymer
is promoted. The results obtained in the present study suggest
that thermal-stimuli are capable of changing the binding prop-
erties of the thermoresponsive MIP, which is factor that may be
exploitable for the selective extraction of the target compound
from aqueous media by the polymer.

The infiuence of temperature on the binding characteristics of
the thermoresponsive MIP was examined further. It was found
that the adsorption isotherms of the imprinted polymer fitted well
to the bi-Langmuir model with a predominance of high-affinity
binding sites but with a low fraction of low-affinity binding
sites being present. This suggests that the recognition sites of
the MIP are heterogeneous. The association constant (K3} and
binding capacity (Bmnax) values of recognition sttes at various
temperatures {25, 35 and 45 °C) are shown in Table 3. Increas-
ing temperature from 25 to0 45 °C greatly increased the K value
of high-affinity binding site of the MIP, while the K, values for
the high and low-affinity binding sites of the corresponding NIP
were also increased but to a lesser extent. A significant decrease

Tabile 3

The binding characteristics of the thermo-responsive polymers at various temperatures

NIP4

MI1P4

Temperature (°C)

Low affinity site

K, (mM~Y)
- 0.42 £ 0.05

High affinity site
K, (mM—1)

Low affinity site

High affinity site

Bax (pmol gml)

Bmax (pmolg™")
0.15 % 0.10
0.39 + 0.15
0.80 £ 0.20

Buwex (pmolg™!)
1.59 £ 1.02
0.89 £ 0.02
0.77 £ 0.30

Bmax {umolg") K, (mM—])

61.17 £ 34.2

Ky (mM™1)

137 £ 0.18
2.71 £ 1.06
312 £ 135

0.70 = 0.21
0.71 £ 0.61
385 £ 0.65

0.84 £ 0.36
0.80 + 0.3!
435 £ G.80

1.70 £ 0.25
9.09 £ 092
49,70 £ 7.93

25

1.35 £ 0.52
7.69 £ 1.79

348 £+ 070

s
45

1.22 £ 0.20

Dissociation constant; 8, = Binding capacity.

K=
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Fig. 6. The selectivity of polymer for binding of dopamine and analogs.
(mean =+ S.E., n=3). DA: dopaming; ST: serotonin; SB: salbutamol; IP: iso-
proterenol; EP: epinephrine; MD: methyldopa; HT: histamine; AA: ascorbic
acid.

in binding capacity with increasing temperature was observed in
the case of high-affinity binding site for MIP. The results show
that an increase in temperature increases the efficiency of the
binding of the template with the polymers. The great increase
in the binding affinity of high-affinity binding site of the MIP
when temperature increases is most likely due to the increased
the strength of the interactions between complementary func-
tionalities in the template and polymer, within imprint cavity.
It is possible that the polymer having shrunken dimensions at
higher temperatures facilitates a higher order of molecular asso-
ciation. A greater dominance of hydrophobic forces within a
more dehydrated polymer matrix might also promote binding
affinity.

3.4. The specific binding site of the thermal-responsive
polymer

Molecular selectivity in imprinted polymers is often demon-
strated by comparing the extent of binding of the template
molecute in comparison to the binding of molecules with sim-
ilar features. This affords an indication of the extent of cross-
reactivity between the selected molecules and the polymer. The
binding selectivity of the prepared thermoresponsive MIP for its
template and a range of structural analogues (serotonin, salbu-
tamol, isoproterenol, epinephrine and methyldopa) as well as
non-related compounds (histamine and ascorbic acid) (Fig. 1)
was determined. The results suggest that structurally related
compounds bound more effectively to the MIP than non-related
compounds, such as histamine and ascorbic acid (see Fig. 6).
This indicated that it was possible to produce a temperature sen-
sitive imprinted polymer with selectivity towards dopamine but
with a reasonable cross-reactivity to dopamine analogs, which
contatned the cathecholamine structure.

Subsequent competitive ligand binding tests showed that the
relative affinity of the thermoresponsive potymer for molecules
related to dopamine was greater than for non-related dopamine
compounds, with histamine and ascorbic acid in particular show-
ing very poor dopamine displacement characteristics (Fig. 7).

100 {
. 80 :
[ — —O— Serotonin
3 A et + —m— Salbutamol
a
. 60 \ —a&— Higtamine
£ " —a— lgoproterencl
§ | —e— Methyuaopa
g' 40 —— Epinephrine
g —+— Ascorbic acid
20
0 T v r T
0.01 (K] 1 10 100 1000

Added probe (ug ml}

Fig. 7. Displacement of dopamine by other compounds.

Competitive binding for the selected probes occurred only at
high concentrations. Non-specific probes would be expected
to bind to low-affinity sites with a ‘less good’ template com-
plementary only when present at higher concentrations. These
results confirm that the thermoresponsive MIP binds the tem-
plate molecule strongly but that there is partial cross-reactivity
to structurally closely related compounds. This specificity of
the thermoresponsive MIP might be explained on the basis
of the molecular recognition, which relates to binding sites
having shape and size selection as well as the correct spatial
orientation of the functional groups in the MIP binding sites
[26,27).

3.5. Application of the thermal-responsive polymer to SPE

The feasibility of using the generated thermoresponsive MIP
in an SPE columa to recover dopamine and related compounds
from a mixture in urine was examined. The influence of tem-
perature on polymer capacity when employed in the SPE pro-
tocol was also determined since use of an elevated temperature
does potentially offer an elegant approach 1o promoting specific
adsorption, which may increase the selectivity of the polymer.
Table 4 shows % recovery of compounds from a mixture of com-
pounds using the thermoresponsive MIP and corresponding NIP
at various temperatures. The template was not detectable in the
initial breakthrough samples from the MIP loaded SPE column
at any of the temperatures studied, indicating that dopamine
remained selectively bound through specific interactions with
the imprinted binding sites within the polymer. In contrast
dopamine was detected in the breakthrough sample of the NIP
loaded columna particularly at temperature 25°C but also at
room temperature (30 1 °C), although at higher temperatures
(40°C) dopamine remained bound to the NIP. More of the tem-
plate molecule was retained on the MIP other than NIP and more
was eluted by the 9:1 {(v/v) methanol:acetic acid solvent. [n addi-
tion to the template, the MIP displayed selectivity in retaining
serotonin, which has structural sunilanties to that of the tem-
plate (Fig. ). The recovery of serotonin from the column was
also iemperature dependent (sce Table 4).
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Table 4

Mean recovery (%) of dopamine (0.5 pug ml~! in urine) and other adrenergic compounds (0.125 g ml—! in urine) after solid-phase extraction through MIP and NIP

containing cartridges at various temperatures®

Fractions Temperature (°C)  Recovery (%)
Dopamine Serotonin Salbutamol Isoproterenol Epinephrine
MIP  NIP MIP NIP MIP NIP MIP NIP MIP NIP
Breakthrough (1 ml) 25 0 135 134 11.0 213 371 30.1 371 19.8 18.0
30 0 i7.2 12.1 34.0 371 25.7 319 25.1 203 9.1
40 0 0 4.4 5.7 459 41.2 47.3 319 29.3 312
Methanol:water, 4:1 (v/v) (5 ml) 25 333 744 14.6 704 716 698 76.0 69.8 825 84.2
30 243 723 316 5%.7 63.6 716 724 714 82.2 84.9
40 142 637 10.1 779 60.1 613 424 523 723 9.2
Methanol:acetic acid, 9: I{iviv) Sml} 25 3656 121 258 226 0 0 0 0 0 0
30 46.7 10.5 59.6 6.4 0 0 0 0 0 0
40 513 362 217 44 0 0 0 0 0 0
Total recovery 25 699 879 53.8 1040 1053 106.9  106.1 106.9 102.3 102.2
30 710 895 1013 1] 100.7 1033 1043 97.1 102.5 104.0
40 655 999 46.2 88.0 1060 1025 897 842 1016 1104

* The relative standard deviations (RSDs) were 2-10% (= 3).

The elution of human urine spiked with dopamine and ana-
logues through the MIP columns when employing the SPE
protocol at different temperatures (Fig. 8) resulted in different
enrichment profiles of the various compounds. At room temper-
ature (30 1°C) the clean-up and enrichment of the sample

l@
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@
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1o {l, 2 A

i 4 6 8 10 12

Time (min)

Fig. 8. HPLC chromatograms of urine blank and spiked urine sample before and
after extraction of the various analogues after elution through a thermorespon-
sive dopamine-imprinted polymer cartridge (using methanol/water. 4:1, v/v and
methanol/acetic acid, 9:1, v/v as the elution solvents) at different temperatures:
(a} urine blank; (b) spiked urine; (c} urine blank after extraction at room tempet-
ature; {d) spiked urine aflter extraction at 40 °C; () spiked urine after extraction
at room teraperature (~30°C}; ([) spiked urine after extraction at 25 ()
Epinephrine, (2) dopamine, (3) isoproterenol, (4) serotonin, {5 salbutamol.

in dopamine and serotonin wsing the thermoresponsive MIP
was greater than that achieved at the other temperatures (25
and 40 °C). Marked interference with the absorbance due to the
analyte peaks was found to occur due to absorbing compounds
within the urine. However, even though some of these interfer-
ing compounds still co-eluted with the analytes after the SPE,
the feasibility of carrying out an assay based on this method
was proven. The pretreatment of human urine using SPE with
the thermoresponsive MIP enabled total recoveries of dopamine
and other adrenergic compounds to be achieved with the values.
in this study ranging 70-106%, depending on extraction tem-
perature.

4. Conclusion

The design and synthesis of thermal-responsive materials for
separation process was demoustrated in this study. An adsorp-
tion phase consisting of molecular recognition and thermal-
responsive elements has been developed and evaluated for appli-
cation in the separation of dopamine and analogues contained
in urine samples, using SPE. The results in the present study
demeonstrated that combining the thermosensitive polymer with
molecular imprinting techniques generated a molecular recog-
nition material, which could respond more rapidly to an external
temperature change. The material could be employed in aqueous
environments and cnabled a selective recognition ot dopamine
and its analogues to be produced. The potential application of
this material as a selective sorbent for SPE in the assay of
dopamine in human urine has been demonstrated with some
degree of success, although a fully validated assay has not
established. Further investigation and development of the sys-
tem is warranted with a view 1o developing a thermoresponsive
MIP material having high selectivity and suitable properties for
applying as selective sorbent phase of SPE or even as recog-
nition material in other uses, ¢.g. chromatographic separation,
sensor and immunoassay.
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A DEVELOPMENT OF THERMAL-RESPONSIVE IMPRINTED POLYMER
SORBENT FOR SELECTIVE EXTRACTION OF ADRENERGIC DRUGS IN URINE
SAMPLE

Vatcharee Seechamnanturakit'’, Roongnapa Suedee', Bhutom Canyuk' and Chitchamai Ovatlarnpom
Departmem of Pharmaceuucal Chemlslry Facwlty of Pharmaceutical Sciences, Prince of Songkia University,
Halya: Songkhla 90112, Thailand.

ABSTRACT __

A temperature sensitive dopamine-imprinted polymer was prepared by free-radical
crosslinking copotymerization of methacrylic acid and acrylamide at 60°C in the presence of
N,N-methylene-bis-acrylamide as' the cross-linker and dopamine hydrochloride as the
template in 80% aqueous methanol solution. The resulting molecularly imprinted polymer
(MIP) formed temperature responsive materials and can be used for the selective separation
of dopamine and adrenergic compounds from Ilquld matrix at ambient temperature. The
thermoresponsive MIP exhibited the swelling-deswelling transition in 80% aqueous methanol
solution at temperature about 35°C. The recognition ability of the thermoresponsive MIP to
template in aqueous solution changes with the variation of temperature, whereas the highest
selectivity is shown at 35°C. Subsequently, the thermoresponsive MIP prepared was applied
as sorbent material in solid-phase extraction to selectively isolate dopamine and other
adrenergic compounds (epinephrine, isoproterenol, salbutamol and serotonin) from urine
samples. It was shown that the compounds that were structurally related to dopamine could be
eliminated, while dopamine and serotonin the analyte of interest remained strongly adsorbed
onto the adsorbent during SPE applications. Also, the temperature exhibited an effect on the
selective desorption of the thermoresponsive polymer for dopamine and structurally related
compounds from urine samples. This work demonstrates the possibility to synthesize the
thermal-responsive polymer materials as separation phase for solid phase extraction.

Key words: acrylamide, N,N-methylene-bis-acrylamide, thermoresponsive MIP, solid phase
extraction, selective desorption.

INTRODUCTION '

The natural receptors have developed so as to accomplish the molecular recognition with the
high specificity and efficiently bind complex molecule such as proteins. Many investigation
has been studied the design and the construction of synthetic receptors mimicking the
selectivity of such natural receptors. The preparation of molecularly imprinted po!ymers is the
- technique of creating three-dimensional networks with a cavity of memorizing in size, shape
- and functional group orientation to the template molecule [1,2]}. Imprintet polymers have
been used in a number of application area including analytical chemistry, separation science;, _
sensor construction and drug design [3,4,5]. Since MIPs provide good selectivity as separation
materials in preconcentration and clean-up process from environmental and/or biological
samples [6,7). Many studies of MIPs particularly the lightly crosstinked -potymers can be-
undergo reversible swelling and shrinking under an external stimulus such as solvent, pH and
temperature. Cross-linked N-substituted polyacrylamides are studied as polymeric materials
used for molecular imprinting of biomolecules, especially in the field of controlled drug
delivery [8,9], this because they can undergo volume phase transition in aqueous solution
[10].

In this study, the copolymerization of methatrylic acid and acrylamide with N, N-methylene- -
bis-acrylamide cross-linker in the presence of dopamine as a template, have been successfully

synthesized to produce a thermal-responsive imprinted polymers sorbent phase for solid-
- phase extraction of adrenergic drugs in urine sample.
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EXPERIMENTALS -

Materials

Dopamine hydrochloride (DA) and methacrylic acid (MAA) were obtained from Aldrich
Chemical Company (Milwaukee, WI, USA). Acrylamide (AAM) and N,N-methylene-bis-
acrylamide (MBAA) were obtained from Fluka Chemie AG (Buchs, Switzerland). Al solvent
were analytical grade and were dried with a molecular sieve prior to use. The extraction of

urine samples onto the MIP cartridge was performed using drug—free' urine of healthy
volunteers. '

Preparation of DA-imprinted polymer

/LCOH %’\O’NHJ *

H
_ =0--0
MAA- AAm Pre- arrangemebﬂ Ojg/\/ Copolymerization
- — H
] ’;‘\C’N.H MEBAA
. + + s _ !l; .
;‘/\O/V " AIBN, 60 °C
. o 3
Extraction
«—
Rebindi

MIP

Fig.1 : The schematic preparation of molecular imprinting
Binding experiments
The powder polymer (50 mg) was added to 5 ml. of the MeOH/water(4:1 v/v) containing 5
ug/ml of dopamine and stirred for 24 h. at the different temperatures (25, 30, 35, 40 and
45°C). The particle size of either MIP or NIP particle was measured by using particle size
-analysis method.
Solid-phase extraction experiments
Fifteen milligrams of the polymer was packed into a home-built SPE cartridges. Studies were
conducted into the ability of thermoresponsive MIP to selectively extract dopamine and the
other adrenergic compounds present in the mixture by evaluating the efficiency of SPE at

three different extraction temperatures (25°C, room temperature and 40°C). One milliliter of -

aqueous solution spiked with 5 pg/ml of dopamine and 1.25 pg/mi of each adrenergic
compound presented as a mixture was added with 4.5 ml of methanol and diluted with human
urine to ten milliliters and filtered to remove any insoluble material. One milliliter of filtrate
was separately loaded onto the SPE cartridge coritaining either MIP or NIP and collected for
the sample liquid to analyze by HPLC. The columns were then washed with 5 mi of 4:1 v/v
methanol/water mixture and eluted with 5 ml of 1% acetic acid in methanol. Each experiment
was run three times, using three different cartridges.

HPLC analysis

A reversed phase HPLC method was used for the quantitative analysis of dopamine and other *

adrenergic compounds after solid-phase extraction. The HP1100 system consist of quaternary
pump, a on-line vacuum degasser, autosampler, a thermostated column compartment and
fluorescence detector (Agilent Technologies, CA, USA). The analytes were detected by
fluorescence at the Aex 220 nm. and Aem 320 nm. Mobile phase A comprised 0.05% aqueous
trifluoroacetic acid (TFA)-MeOH (97.5:2.5 v/v) and 0.05% aqueous TFA- MeOH (40:60 v/v)

L
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were used for elution. An injection volume of 20 pl was employed and the analytical column
was a Luna 5 um Cg, 25 cm x 0.46 cm (Phenomenex, USA). A flow rate of 1.0 ml/min was
used over 20-min with the following gradient: : 0.00 min, 100% A; 1.00 min. 100% A; 16.00
min, 50% A and 50% B (linear gradient from I to 16 min); 16.05 min, 100% A to return
column to initial condition by 20 min.

RESULTS AND DISCUSSION

Temperature effect on recognition ability

The adsorption pattern of dopamine for the MIP at various iemperatures shows increasing of

dopamine binding with increased temperature (as seen in Fig.2), between 25-30°C, an

increase in temperature promoted binding of the template molecule to the MIP, whereas

binding to the corresponding NIP scarcely changed with increasing temperature.
The imprinting factor of the MIP was highest at a temperature of 35°C, which corresponds
to the transition temperature of the thermoresponsive MIP. At temperature beyond 35°C,
that %binding of dopamine to both the MIP and NIP gradually increased, resulting in a
decrease in the imprinting ratio. This result suggests that the high binding of
thermoresponsive MIP athigh temperature (>45°C) is likely a result of increase in
molecular association of the template molecules with specific and non-specific binding
sites. The thermoresponsive MIP is sensitive and give the molecular recognition either
swollen or collapsed state and at temperature 35°C, the recognition of polymer was

maximal
110 B R K T
1$ ] Fig.2: The temperature effect on %
80 - binding of dopamine on the
70 | thermoresponsive MIP and control
60 | polymer in MeOH/water (4:1 v/v)
50 - :
0 |
30 1 |
20 .
20 80
+ 1.
11 .
1os Fig.3:  Temperature effect on swelling
L oa 2 ratio and  binding affinity - of
2 - MiP4 in MeOH/water -
g el (4:1 v/v) mixture
- [
3 Los 3
: 1os
1.3 ———— imprinting ratio :
- -&- =-swelling ratio A + 04
1.2 + -. + . + + - 0.3
25 30 35 4 45 70
Temperature{ °C)

Changing temperature on polymer binding propen'y'is affected to the conformation change.
The size of either MIP or NIP particles was mgasured by using a particle size analysis. The

’ .



) 347

thermoresponsive MIP decreased in size when exposure to the template molecule at
temperatures below 35°C. This suggests that the template molecule is capable of inducing a
shrinkage of the swollen polymer. At temperature over 35°C, the size of polymer exposed to
dopamine did not change as a function of temperature. This phenomenon did not occur when
using the NIP as the size of polymer particle was the same either before or after adding of
dopamine. '

Fig.4: The temperature effect on the

70 —— MIP4 mean volume diameter of
o | L N Gopamine polymer particles of the
—a— NiP 4 + dopamine thermoresponsive imprinted

£ polymer, in the presence of
8 dopamine  template  in
o 40 MeOH/water  (4:]1 = v/v)
o -
'1';; : mixture.
o 30 1

20 |

10 . - . .

20 30 a0 50 60 70

Temperature (°C)

Fhe application of the thermores'ponsive polymer on SPE
The thermoresponsive MIP gives different clean-up and enrichments of human urine spiked
with dopamine and "analogues when employed in the SPE protocol at different

temperatures (see Fig.5). At room temperature (30+1°C) clean-up of the sample was good
and enrichments for dopamine and serotonin extraction on the MIP were significant compare

to the other two temperatures (25 and 45°C)

1

LY

Urine blank

Spiked urine

LU
40°C

3oeC -

a
4

25°C

Time (min)

Fig.5. The HPLC chromatogram of urine blank and spiked urine sample before extracting and
after percolating and isolating. by thermoresponsive dopamine-imprinted polymer
cartridge at various temperature. I=epinephrine, 2=dopamine, 3=isoproterenol, 4=serotonin
and S5=salbutamol
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The template was not detectable 1n the initial breakthrough samples from the MIP loaded SPE
column at every temperature studied, indicating .that dopamine remained selectively bound
through specific interactions with the imprinted binding sites within the polymer. In contrast
dopamine was detected in the breakthrough sample of the NIP loaded column particularly at
temperature 25°C and at room temperature (30%1°C), although at higher temperatures (40°C)
dopamine remained bound to-the NIP.
An increase in the temperature resulted in a stronger adsorption of the template to the MIP
than to the NIP. This is due to the increased temperature strengthened the interaction between
the template and functional group within imprint of the imprinted polymer. More of the
template molecule was retained on the MIP other than NIP and more was eluted by the 9:1,
v/v MeOH:acetic acid mixture solvent. Besides the template, the MIP has efficiency to
 retained the cofnpound of interest, serotonin that its structure is close to the template. Also,
the temperature dependency of selecuve extmctlon was shown with the SPE of serotonin on
MIP (see Table 1). : T
Table 1: Recovery of dopamlne and ana!ogs in urine of the lhermoresponsrve po] ymer on
SPE at various temperature .

_Fractions . Temp. - Recovery (%)
C) . D(')p.amine Serotonin  Salbutamol Isoproterenol  Epinephrine
ML .
P NIP MIP NIFP MIP NP MIP NIP MIP NIP
Breakthrough =~ 25 - ¢ 135 134 110 277  37F 304 371 19.8 ° 18.0
(1 ml) 30 0 17.2 121 340 371 257 319 257 203 19.1
40 0 0 144 57 459 412 473 319 293 312
Methanol:water, 25 333 744 146 704 776 698 760 698 825 842
AL, viv (S ml) 30 243 723 316 597 636 776 724 714 822 8409
40 142 637 1001 779 .601 613 424 523 723 792
Methanol:acetic o ' ' :
acid, 25 366 121 258 226 O . 0 0 0 0 0
9:1, v/v (5 ml) 30 467 105 596 64 -0 o’ 0 0 0 0
40 313 362 217 44 0 0 o 0 0 0
Total recovery 25 69.9- 879 538 1040 1053 1069 1061 1069 1023 1022
. 101. :
30 71.0 895 3 161.1 1007 1033 1043 97.f1 1025 1040
40 655 999 462 880 1060 1025 897 842 1016 1104
- CONCLUSIONS

The possibility to deSIgn and synthesis of thermoresponswc materials for separatlon process '
was demonstrated. An adsorption phase consisting of molecular recognitton and
thermoresponswe elements has been achieved and evaluated for application in the separation
of dopamine and analogues in urine ‘samples by SPE The polymer is capable to work in

aqueous environment and have a good recogmuon to: dopamme and analogues under thermal
stimuli. : :
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Temperature sensitive dopamine-imprinted (/V,/N-methylene-bis-
acrylamide) polymer and its potential application to selective
extractions of adrenergic drugs in urine

Roongnapa Srichana *, Watcharee Seechamnanturakit, Chitchamai Ovatlarnporn and Bhutorn Canyuk

Department of Pharmaceutical Chemistry, Faculty of Pharmaceutical Sciences, Prince of Songkla University, Hatyai, Songhkla 90112,
Thailand.

Abstract— A temperature sensitive dopamine-imprinted polymer was prepared by free-radical crosslinking
copolymerisation of methacrylic acid and acrylamide at 60°C in the presence of N, N-methylene-bis-acrylamide as
the cross-linker and dopamine hydrochloride as the template in 830% aqueous methanol solution. The resulting
molecularly imprinted polymer (MIP) formed temperature responsive materials and can be used for the selective
separation of dopamine and other adrenergic compounds from liquid matrix at ambient temperatures. The
thermoresponsive MIP exhibited swelling-deswelling transition in 80% aqueous methano! solution, which
depends on the temperature. The solvent and pH showed the significant effect on the binding of the template to
polymers but did not show the effect on selectivity of the MIP. The selectivity of the thermoresponsive MIP was
achieved in the 80% aqueous methanol solvent. The recognition ability of the thermoresponsive MIP to template
in aqueous solution changes with the variation of temperature, whereas the highest selectivity is shown at the high
temperature (40°C). The thermoresponsive MIP displays superior binding recognition to template over the
structurally rigid polymers made from copolymerisation of ethylene glycol dimethacrylate monomer.
Additionally, binding parameters obtained from Scatchad analysis indicates that increasing temperature results in
an increase in affinity and binding capacity of specific binding sites, but has less effect to those of non-selective
binding sites. The selectivity obtained from non-competitive and competitive binding studies of dopamine and
analogs suggested that the hydroxyl groups on benzene ring and the size and shape complementarity to the
template play important role in recognition of the thermoresponsive imprinted polymer. Subsequently, the
thermoresponsive MIP prepared was applied as sorbent material in solid-phase extraction to selectively isolate
dopamine and structurally similar compounds (epinephrine, isoproterenol, salbutamol and serotonin) from urine
samples. It was shown that the compounds that were structurally related to dopamine could be eliminated, while
dopamine remained adsorbed onto the adsorbent. Also, the temperature exhibited an effect on the selective
desorption of the thermoresponsive MIP for dopamine and structurally related compounds from urine samples.

Keywords—Molecularly imprinted polymer; Polyacrylamide; Dopamine; Aqueous system; Solid phase
extraction

* Corresponding author, Tel.: +66 {0)74 428239; Fax.: +66 (0)74 428239; e-mail address: roongnapa.si@psu.ac.th (R. Srichana).




Temperature sensitive dopamine-imprinted (/V,N-methylene-bis-
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_ TRERODIECTIO CROSS-SELECTIVITY
A tem gnsitive dopamine-imprinted polymer was The selectivity obtained from batch binding experiments
prepared adical crosslinking copolymerisation of based on either non-competitive or competitive assay of
methacrylic A) and acrylamide (ACM) at 60°C in the

presence of ethylene-bis-acrylamide (MBAA) as the
amine hydrochloride as the template in
anol solution. The resulting molecularly
(MIP) formed temperature responsive
e used for the selective separation of
lergic campounds to the template from
ent temperature.

80% aqueous
imprinted poly
materials and ca
dopamine and adrg

MIP with specific
binding site for
dopamine

RECOGNITION PROPERTY

The thermoresponsive MIP exhibited the swelling-deswelling
transition in 80% aqueous methanol solution at temperature
about 35°C. The solvent and pH showed the significant effect
on the amount bound of the template but did not show the
effect on selectivity of the MIP. The selectivity of the
thermoresponsive MIP was shown only in 80% aqueous
methanol solvent. The recognition ability of the
thermoresponsive MIP to template in aqueous methanol
solution changes with the variation of temperature, whereas
the highest selectivity is shown at 35°C.

Fig. 1 binding
affinity and
swelling ratio of
polymer of MIP in
80% methanol in
water

Imprinting ratio
Swelling factor

Temperature (°C)

The MIP shows temperature sensitive and give selective
recognition to template either either at shrinking or swelling
state, but at volume-transition temperature, 35°C the
recognition of the MIP was maximal (Fig. 1). Additionally,
binding parameters obtained by Scatchad analysis indicates
that increasing temperature results in an increase in affinity
and binding capacity of specific binding sites, but has less
effect to those of non-selective binding sites.

dopamine and analogs suggested that the cathecolamine
structure in the complementary to the template play importan
role in recognition of the MIP.

%.Depaming wbevad

Added proie {1y w7}

Fig: 2(a) The selectivity of

Fig. 2(b) Displacement of
polymer for binding

dopamine and other compounds

SOLID-PHASE EXTRACTION

Subsequently, the thermoresponsive MIP prepared was
applied as sorbent material in solid-phase extraction to
selectively isolate dopamine and other adrenergic
compounds (epinephrine, isoproterenol, salbutamol and
serotonin) from urine samples. The thermoresponsive MIP
gives different clean-up and enrichments of human urine
spiked with dopamine and analogues when employed in the
SPE protocol at different temperatures . At room temperature
(30+1°C) clean-up of the sample was good and enrichments
for dopamine and serotonin extraction on the MIP were
significant compare to the other temp. (25 and 40°C).

| \j %ﬁm Tuti
i

e AN Load b
_,J\,‘\.I'L...—-L/\_,_fi sample
__zii . A /
VW e
J \ , | «.ﬂ» _.; = epinephrine, 124 dopamine,
| iy f = Isoprotereno = serotonin,
I!” S [ .j’\ ,U"\ 5 = salbutamol
i . VUL

Fi%. 3 HPLC chromatogram of urine blank and spiked urlne sample
efore extracting and after percolating and isolating by the MIP
cartridge at various temperatures.

CONCLUSION

Operating solid phase extraction with the MIP at the
ambient temperature is suitable for clean up the urine
sample having complex mixture. For the pretreatment of
human urine by the SPE with the thermoresponsive MIP
provides good total recoveries for dopamine and other
adrenergic compounds ranging 70-100%, depending on
extraction temperature.
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A simple molecularly imprinted sorbent assay for ergot binding studies using displacement of
unlabeled-(radioligand) dopamine/serotonin

Roongnapa Srichana~, Watcharee Seechamnanturakit, Chitchamai Ovatlarnporn, Bhutorn Canyuk and T
Srichana

Molecular Recognition Materials Research Unit, Department of Pharmaceutical Chemistry, Faculty of
Pharmaceutical Sciences, Prince of Songkla University, Hatyai, Songkla 90112, Thailand.

Abstract— In this work, a dopamine (D) and serotonin (8) molecularly-imprinted polymer (DS-
MIP) artificial receptor system was synthesized. This involved the polymerisation of methacrylic acid
and acrylamide using N N-methylene-bis-acrylamide as a cross-linking agent in the presence of
dopamine (D) and serotonin (S) as a template mixture in 80% aqueous methanol solution. The DS-MIP
artificial receptor was characterized by determining the ligand binding affinities of the template
molecules and structurally related compounds. An assay for ergot alkaloids was developed which
involved displacement of D and S probes from DS-MIP the molecule of interest. The ID and S probes
exhibited the highest affinity for the DS-MIP; the apparent dissociation constants (Kp) being 73.0 and
27.2 uM, respectively. In contrast, the Kp values obtained for the binding of D and S to non-imprinted
polymer were 1.4 and 5.0 mM, respectively. In order to determine the binding specificity and affinity of
the DS-MIP for ergot alkaloids, a competitive fluorescent ligand binding assay was developed. The
ability of the various ergot alkaloids (ergocryptine, ergocornine, ergocristine, ergonovine, agroclavine,
pergolide and terguride) to displace bound I} and S from the binding sites was measured. All the ergot
compounds displaced D and S binding with different apparent inhibitor constants. Agroclavine was
found to bind with the highest affinity to both the D and S binding sites. The utilization of the DS-MIP
in a competitive fluorescent ligand binding assay for ergot produced results which were comparable to
those obtained using an ELISA-based immunoassay data obtained using D/S receptors derived from the
rat hypothalamus. These results indicate the applicability of the assay in characterizing the ligand
binding characteristics of ergot derived molecules. The developed assay does not require the separation

of free/bound ligands could be used to determine the binding specificities of possible new ergot
derivatives. :

Keywords—Molecularly imprinted polymer; Ergot; Dopamine; Serotonin; template mixture.
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Introduction The Specificity of DS-Imprinted
Polymers

Ergot alkaloids are a type of ergoline derivatives which have a high biological
activity and a broad spectrum of pharmaceutical effects. They contain dopaminergic,
serotonergic and noradrenergic pharmacophore. Many scientist examined structural
aclivity relationship of ergot alkaloids, consequently studying in binding affinity of the [
compounds with dopaminergic and serotonergic receptor is required. However, the
limitation of the operation and storage stability of the native receptors as well as the

The %binding of the templates in DS-MIP (multiple recognition) and single
recognition (D-MIP, S-MIP) is higher than the other structurally related

difficult in the preparation and isolalion are restricted their use. Therefore, molecular |compounds (i-e. epinephrine. salbutamol, isoproterenol and methyldopa).ln
imprinting allows design and synthesis of the artificial receptor for use as an analysis tool | jaddition, S ligand effectively binds to D-MIP while the D ligand lesser binds to S-I
in screening of ergot library on immunocompetitive fluorescent assay protocol. | |MIP. Histamine ligand which has the imidazole ring in its structure favourably|

i [binds to S-MIP but give less binding to D-MIP receptor.

The molecular structures of Ergot alkaloids

The single recognition of receptors (left) and muttiple recognition (right) of D/S-MIP
receplors selectively bound with the template species and other structurally related
ligands (DA= dopamine and SE= serotonin (lemplates), EP = epinephrine, SB =
salbutamol, IP = isoproterenol, MD = methyldopa and HT = histamine)

Competitive Fluorescent Ligand

Preparation of DS-Imprinted Binding assay
P ; and serotonin (S) molecularly-imprinted polymer (DS-MIP) artificial The competitive fluorescent ligand binding assay technique is applied
reg ed by the thermal polymerization of methacrylic acid and acrylamide| | for analysis the binding affinity—based screening of ergoline related compounds

using N,N-methylene-bis-arylamide as cross-linking monomer in the presence of dopamine

performing in the_presence of D and S ligand probe which can be detected by
and serotonin as the template in aqueous methanol sululior_l‘_r_ __

fluorescence technique.- The result showed that ergopeptines (a-ergocryptine,
ergocristine, ergocornine) can displace D with the affinity lower than lysergic
acid derivative (ergonovine) and clavine (agroclavine[ for D and S binding sites.

DS-MIP arificial receptor with templates
(D.S)= cross-linking monomef=
methacrylate group, -COOH and—CONH,
= functional monomer)

The Selective Recognition of DS-
Imprinted Polymers

The %binding of D and S were highest in CH;CN and lowest in the S — :
mixture of methanol and water solvent . However, the non-specific adsorption of| | The displacement of either dopamine (left) or serotonin (right) molecular probe by the ergoline
D and S binding sites were high in CH,CN as well as MeOH and water. Due to be L";:Si\fg“ﬁ::g:;i:g°z‘;s::::[;;r:d'gm;"gh z’&‘:’g:&"& ;L?i‘;?“"“e)' lysergic acid
lower in the %binding of D and S, the imprinting effect of the all artificial receptors * . —
is highest in the mixture of MeOH and water solvent.

All the tested ergoline relate compounds (inhibitors) displaced the binding ‘

of either D or S probe with the different inhibitor constant (K,). It is shown that

-
J

i |agroclavine effectively bound to either D or S binding site with the highest affinity
it for DS-MIP.
T= S B D probe S probe e
i- oo . o w
% S S U S—
s 11160 + 0.99 nar 03.30 « 0.51
. . —
H H T 1080 = 120 s 5130050
Binding Characte s | | e |
’ rinted PO’ erS 3493 e s 212 2489 1100 £ 084
p y _— S wi | oaseoor | ses s -087
- — e bl o Binding affinity and site density of DS- | D . S—
g o | wpean | o || MIP | os 0% - 001 ear 718001
o t——— | totam saen |ewan | ewww || @Nd respective MIP o ] - —_— b
g — 400 et s1ese e a:_’ = number of binding site ] e 080 s 042 #52 | nw-en |
o | | e il el R A - (contre) P = aem
e | macere il L M i
i aniean o fusas | anme e . S i - -
. 20030 150-000 wxss | wienm EﬂlﬁCla| receptor S. i ei %fa 1s inhibitor concentration required to compete 50% of the ligand probe and K is
heterogemtoos—popuramomor omomg—sme—wrmeh has the high affinity and low | Innhnbntor constant of all ergol alkaloids

affinity binding site. The association constant's DS-MIP for D and S binding sitei
is better than that of the respective MIP (D-MIP, S-MIP).

Conclusion
Using MIP in unlabeled (radibiig-;-ar_la_)_i-é_é_\gr-;éil-l'é iééh-r;idue for diébiacemeni at the recognition bindiﬁg site of lmbrthted antibody in homogeneous
immunoassay which does not require the separation of free/bound ligand probe. This method could be used to screen the drug binding affinity of the ergot derived !
molecules. _— BN |
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A SIMPLE MOLECULALY IMPRINTED SORBENT ASSAY FOR ERGOT
BINDING STUDIES USING DISPLACEMENT OF UNLABELED-(RADIOLIGAND)
DOPAMINE/SEROTONIN
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In this work, a dopamine (D) and serotonin (S) molecularly-imprinted polymer (DS-MIP)
artificial receptor system was synthesized. This involved the polymerisation of
methacrylic acid and acrylamide using N,N-methylene-bis-acrylamide as a cross-linking
agent in the presence of dopamine (D) and sercotonin(S) as a template mixture in 80%
aqueous methano! solution. The DS-MIP artificial receptor was characterized by
determining the ligand binding affinities of the. template molecules and structurally
related compounds. An assay for ergot alkaloids was developed which involved
displacement of D and S probes from DS-MIP the molecule of interest. The D and S
probes exhibited the highest affinity for the DS-MIP; the apparent dissociation constants .
(Kp) being. 73.0 and.27.2 pM. respectively. In contrast, the Kp values, obtained for the
binding of D and S to non-imprinted polymer were 1.4 and 5.0 mM, respectively. In
order to determine the binding specificity and affinity of the DS-MIP for ergot alkaloids, a
competitive fluorescent ligand binding assay was developed. The ability of the various
ergot alkaloids (ergocryptine, ergocornine, ergocristine, ergonovine, agroclavine,
pergolide and terguride) to displace bound D and S from the binding sites was
measured. All the ergot compounds displaced D and S binding with different apparent
inhibitor constants. Agroclavine was found to bind with the highest affinity to both the D
and S binding sites. The utilization of the DS-MIP in a competitive fluorescent ligand
binding assay for ergot produced results which were comparable to those ebtained
using an ELISA-based immunoassay data obtained using D/S receptors derived from
the rat hypothalamus. These results indicate the applicability of the assay in
characterizing the ligand binding characteristics of ergot derived molecules. The
developed assay does not require the separation of free/bound ligands could be used to
determine the binding specificities of possible new ergot derivatives.
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Abstract

~ A dopamine and serotonin molecularly imprinted polymer (DS-MIP) artificial
receptor is engineered and has beén successfully used in competitive fluorescent
ligand binding assay protocol using displacement of unlabeled dopamine and
serotonin for ergot binding studiesl_.f‘_ The dopamine and serotonin which can bind to
natural dopamine and serotonin receptors are bound by DS-MIP and the ergot
analyte competes with dopamine/serotonin probe for the same binding site. DS-MIP
showed to be highly specific and affinity was similar to natural receptors. A series of
ergot derivatives (ergocryptine, ergocornine, ergocristine, ergonovine, agroclavine,
pergolide and terguride) has been characterized as to their ligand binding activities
with the DS-MIP. The affinity for the dopamine/serotonin binding site of the ergot
related compounds was measured by observing the increase of the free dopamine or
serotonin in the presence of increasing concentfations of the ergot specie. The
wtilization of the DS-MIP in a competitive fluorescent ligand binding assay for ergot
produced results which were comparable to those obtained using a competitive
mmunoassay data obtained using dopamine/serotonin receptors derived from the
t hypothalamus. Thése results indicate the applicability of the assay in
aracterizing the ligand binding characteristics of ergot derived molecules. The
eveloped assay does not require the separation of free/bound ligands could be

sed to determine the binding specificities of possible new ergot derivatives.

eyword: Molecularly imprinted sorbent assay; Ergot;, Dopamine; Serotonin;

emplate.



1. Introduction

Ergots are a type of ergoline derivatives which possess a wide and different
spectrum of pharmacological activities including central, peripheral and
neurohumoral effects, due to their capability to bind unselectively to adrenergic,
dopaminergic and serotonergic receptor sites'>. Compounds of this class may act
as agonists or antagonists at the receptor sites of biogenic amine neurotransmitters,
and may be also assume a partial agonist and antagonist role. Interesting for drug
discovery and development is the dopamine agonist activity of ergolines, which has
many important clinical implications such as treatment in Parkinson’s disease and
hyperprolactinaemia*®. Chemical modification and synthetic variation of the ergot
compounds are carried out for finding compounds with a narrower range of activity
with more selective, more specific effect. Modification of the ergoline skeleton that is -
shared by all the ergots presents many challenges in the development of new
dopaminergic agents as well as the identification of new series of serotonergic
agents®®. Study in binding affinity of this class of compounds with either
dopaminergic or serotonergic receptor is required, in addition a number of research
groups are generating large number of ergot-derived compounds to test structure
activity relationships.

A high-throughput screening assay system is necessary for large scale
screening of ligands of the receptors. To facilitate the determination of ligand binding
specificity and affinity severa! biochemical assays have been developed. Traditional
dopamine or serotonin receptor assays for analysis of ergoline derivatives involve
filtration, transfer and washing, and the use of radiolabeled probes®'*"'. Some
studies sought to examine equilibrium binding constants using chromatography
using resins to separate the protein-bound and unbound forms of radiolabeled

probes'. However, chromatography and other techniques which utilize physical



separation of bound from free ligand often perturb the equilibrium, a process which
can result in dramatically altered affinity constant'®. Chromatography is also limited
by its reliance on radiolabeled ligands, a requirement that can prove to be
bothersome when one considers the costs of using radioactive materials and the
difficulties in obtaining the compound. Another approach has been the examination
of binding interactions through the use of fluorescence probes. However, the probes
often contain large, hydrophobic moieties that are necessary for their fluorescent
character. The hydrophobic moieties change the chemical nature of the probes so
that they exhibit properties that may not be identical to their native counterparts. For
study in an affinity binding of ergot compound with the receptors, the isolated
dopamine and serotonin reéeptors from brains (striatum or hypothalamus) of
sacrificed animal such as rats and some other rodent species'* and monkey'® and
from cloned human receptor'® are used for this purpose. However, the limited
operation and storage stability of the native receptors, along with the difficulties
associated with their preparation and isolation, are among the drawbacks that have
limited their use for study. In addition, the variation in result with different species of
the tested animal can be reluctant for discussion. These make it difficult to adapt the
assays into high-throughput screening assay for dopamine and serotonin binding
compounds.

The molecularly imprinted polymer which can be applied to use in a
competitive radioligand-binding assay, or so-called molecularly imprinted polymer
sorbent assay (MIA), is similar to solid-phase radioimmunoassay, but the
immobilized antibody is replaced by an imprinted polymer'’. This method can
distinguish between the bound and free forms of a ligand-receptor complex without
physical separation have proven to be very useful. A competitive fluorescent ligand

binding analysis technique is among the best adapted for use with imprinted



polymers, because it allows highly sensitive detection, depending on the fluorescent
label, be performed both in aqueous and organic solvents.

In this article, we describe a molecularly imprinted sorbent assay to study
receptor-ligand binding of ergots by use a displacement assay of unlabeled
dopamine/serotonin as fluorescent probes. Dopamine and serotonin which are
endogenous dopaminergic and serotoninergic agonist species of natural dopamine
and serotonin receptors were employed as the print molecules for creating the
selectivity to molecularly imprinted polymer adsorbent phase of this study. They
would be adopted as the fluorescence probes in a competitive fluorescence
molecularly imprinted binding assay, which the affinity of ergot for the dopamine and
serotonin binding site can be assessed by observing the increase of the free
dopamine or serotonin probe in the presence of increasing concentrations of ergot
compound. iIn generating simultaneocus dopamine and serotonin selectivity for
molecular imprinted polymer, a molecular imprinting by muttiple-template imprinting
technique was applied with a free-radical cross-linking copolymerization of two
functional monomers, methacrylic acid (MAA) and acrylamide (ACM) with N N-
methylene-bis-acrylamide (MBAA) as cross-linker in the presence of dopamine and
serotonin as the template mixture in 80% aqueous methanol solution'®. The ability of
various ergot-derived compounds, such as ie. ergocryptine, ergocornine,
ergocristine, ergonovine, agroclavine, pergolide and terguride, to displace bound
dopamine (D) and serotonin (S) from the binding sites using a developed competitive
fluorescent ligand binding assay with the dopamine and serotonin molecularly
imprinted polymer (DS-MIP) adsorbent phase was measured to determine the
binding affinity to the ergots along with comparison of those obtained using a

competitive assay data obtained using D/S receptors of natural receptor. The results



indicate the applicability of the assay in characterizing the ligand binding

characteristics of ergot derived molecules.

2. Experimental
2.1. Reagents and chemicals.

Dopamine hydrochloride, serotonin hydrochioride isoproterenol, salbutamot
sulfate, histamine, methyldopa and epinephrine were purchased from Sigma-Aldrich
(Milwaukee, WI, USA). Ergocryptine, ergocornine, ergocristine, ergonovine,
agroclavine, pergolide and terguride were obtained from Sigma-Aldrich (Milwaukee,
WI, USA). N, N-methylenebisacrylamide (MBAA), methacrylic acid (MAA) and
acrylamide {ACM) were purchased from Aldrich Chemical Company (Milwaukee, WI,
USA). 2,2’-Azobis-(isobutyronitrile) (AIBN) was purchased from Janssen Chimica
(Geel, Belgium). Sodium heptanesulfonate and pentaflucropropionic anhydride were
purchased from Sigma-Aldrich (Milwaukee, WI, USA). MAA was purified by
distillation under reduced pressure. Working standard solutions were prepared daily.

All solvents were of either analytical or HPLC grade.

2.2. Apparatus

UV absorbance measurements and spectra were recorded using a Hewlett-
Packard diode array spectrophotometer Series 8452A (CS, USA). Fluorescence
measurements were performed with a LS50B Perkin Elmer luminescence
spectrometer equipped with a 150 W xenon lamp (CT, USA). C,H,N analysis of
polymers was made on the CE Instrumentals Flash 1112 (Milan, Italy). An Agilent
1100 HPLC system (Hewlett-Packard, CS, USA) consisting of a G1322A quaternary
pump, G1322A in-line solvent degasser, G1313A auto injector (20 ul injection loop),

equipped with a Hewlett-Packard 1049A programmable electrochemical detector by



a 35900E Hewlett-Packard interface was employed. HPLC data were collected and

analysed on a personal computer using HP ChemStation (Hewlett-Packard, CS,

USA).

2.3. Polymer synthesis

The DS-MIP was prepared by in situ polymerization of MAA, ACM and MBAA
at 1:2:2:10 mole-ratio of template:MAA:ACM:MBAA, but in the presence of D and S
as mixed template at 1:1 mole ratio. The cérresponding single-recognition MIPs,
that are used as the reference polymers in binding study were prepared by using D
and S as template molecule, using 2 mole-ratio of the template and the same
monomeric ratio as that used for preparation of the multiple-recognition material, i.e.,
DS-MIP. A non-imprinted polymer (NIP), which was incorporated as the control, was
prepared in the same way as the MIPs but omitting the template molecules. The
polymers were synthesized and characterized by using the procedure described
previously'®. In the typical polymer synthesizing process, the monomeric
components were dissolved in 25 ml of a methanol/water (4:1 vfv) mixture.
Subsequently, the solution was purged with a stream of nitrogen gas for 5 min to
remove the radical scavenger oxygen. The polymerisation was carried out at 60°C
for 18 h in'a hot-air oven. The resulting polymers were crushed, ground and sieved
through a 100 mesh-sieve. The polymer particles were washed with many portions
of first 10% v/v acetic acid in methanol (500 ml) and methanol (5600 ml). Complete
extraction of the template molecule from the polymer was confirmed by the absence
of the template in a methanol rinse of polymer, as verified using the fluorescence
spectroscopic method same as that in the binding analysis study.  Finally, the
polymer particles were dried under vacuum and stored at ambient temperature until

required. The dopamine and serotonin imprinted polymer that is produced by



multiple polymerization method was achieved by mixing an equal amount of two

single respective recognition MiPs.

2.4. Determination in selective recognition of DS-MIP to template

The recognition property of the DS-MIP, NIP (control} and the reference
polymers (1:1 wiw D-MIP/S-MIP mixture, D-MIP and S-MIP) was evaluated in a
various solvents : acetonitrile, water, methanol and methanol/water mixture (4;1 v/v),
using a ligand binding experiment. In a typical binding assay, the polymer powder
{50 mg) was added to 5 ml of the solvent containing 5 pg/mL of the printed
molecuies 5 mi of the pure solvent (blank), and the suspension was stirred for 24 h
at room temperature (28+1°C). The polymer particles were then filtered off and the
filtrate was analysed for the printed molecules by fluorescence spectrophotometer.
The measurement in fluorescence intensity of the tested filtrate was conducted at
320 nm emission wavelength following excitation at 279 nm for dopamine analysis
and at 335 nm emission wavelength after the excitation at 330 nm for serotonin
ana!ysis18. The quantity of printed molecules in the solution was determined by
reference to a calibration curve. The amount of bound drug was obtained by
subtracting the amount of free drug from the total amount of the drug added.
Recognition data as shown by selectivity factor ( «) value, which was the ratio of the
amount of substrate bound by the MIP to that bound by the NIP.
2.5. Determination in binding characteristics of DS-MIP

The binding characteristics of the DS-MIP as well as that of the related single-
recognition MIPs (D-MIP, S-MIP) and that of the corresponding non-imprinted
polymer were examined at room temperature using 25-mg samples of polymer with

template solutions ranging in concentration from 0.1 to 100 pg/mL, using



methanol/water (4:1, v/v) mixture as medium. The amount bound of either D or S
ligand was determined. The binding parameters were determined from the equation,
Bound/Free = (Qma-Q)/Kg, Where Ky is the equilibrium dissociation constant, and
Qmax is the maximum number of binding sites which were obtained from the slope
and intercept on x-axis of the straight line of the Scatchard plot, respectively. The

- mean drug binding constants calculated from triplicate independently derived results.

2.6. Determination in specificity of DS-MIP

| The DS-MIP was evaluated for recognition ability using the templates and
analogs such as salbutamol (SB), isoproterenol (IP), epinephrine (EP), methyldopa
(MD) and histamine (HT) as the substrates, in saturation binding experiments. In
order to verify cross-selectivity of the DS-MIP, saturation binding experiment of the
related single-recognition MIPs (D-MIP and S-MIP) was performed. In a typical
binding assay, the polymer (25 mg) was added to 5 m! of methanol/water (4:1, viv)
mixture containing 2.5 pg/mL of analyte of interest or 5 ml of the pure solvent (blank),
and stirred overnight at room temperature for equilibrium to be established. The
polymer particles were then filtered off and the filtrate was analysed for the analyte
using fluorescence and UV spectroscopy'®. The quantity of drug in the solution was
determined by reference to a calibration curve. The amount of bound drug was
obtained by subtracting the amount of free drug from the total amount of the drug
added. The specificity was shown as cross-reactivity (%CR) value obtained by
determining each specific the amount of compound sorbed per unit weight of MIP

related to the amount of printed molecule sorbed.



2.7. Determination in binding-reactivity of ergots in the presence of D or S Probe

The binding reactivity of ergots with the addition of D or S probe into
incubation medium was evaluated using chromatographic assays. Initially, the initial
contact time for binding experiment was verified. For this purpose, DS-MIP particles
(2.5 mg/mL) were incubated between 0 and 13 h in 10-ml vials at room temperature
by agitation with a 2.5 pg/mL of each ergot in 5 ml of methanoliwater (4:1 viv). At 0,
0.5, 1, 3, 6 and 13 h, the filtrate was analysed for the amount of unbound substance
by HPLC. The percentage of ergot bound to the polymer was plotted as a function of
the incubation time to determine the binding kinetics. For binding-reactivity study of
ergots, 25 mg of polymer was incubated with 2.5 mL of methanol/water (4:1 v/v)
containing 2.5 pg/mL of either D (or S) and 2.5 mL of methanol/water (4:1 viv)
containing ergot within the concentration range 0.02-1000 pg/mL., for 8 h at room
temperature. After the incubation time, the polymer particulates were filtered and
analysed for the amount of ergot. The amount bound of tested ergot was determined
in case of either added D or S probe and the percentage of ergot bound to DS-MIP
was plotted as a function of the added ergot. Each experiment was repeated three
times.

A reversed phase HPLC-ECD detection method was used for the quantitative
analysis of ergots. Mobile phase comprising 34:66 (v/v) a 15 mM KH;PO,, 3.75 mM,
sodium heptanesulfonate and 7.5 mM KCI aqueous solution adjust pH 4 by
phosphoric acid : methanol was used for elution. The analytical column was a Luna
51 Cig, 25 cm x 0.46 cm (Phenomenex, USA). A flow-rate of 1.0 mi min” was used.
The electrochemical detector was set at 0.8 V potential. Correlation coefficients for
the calibration curves of the ergots in the range 2-25 pg/mL were greater than 0.999.
The sensitivity of detection was about 1.0 ug/mL and the reproducibility of the peak

areas of analytes was more than 95%.
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2.8. Competitive fluorescence molecularly imprinted polymer binding assays for
ergots.

The chosen ergoline-related compounds were assessed for their ability to
displace D or S bound to the MIP. A twenty-five milligram of DS-MIP was incubated
with 2.5 mL of methanol/water (4:1 v/v) containing 2.5 pg/mL of either D {or S) and
2.5 mL of methanol/water (4:1 v/v) containing ergot within the concentration range
0.02-1000 pg/mL, for 8 h at room temperature. The changes in fluorescence intensity
of D in solution were monitored at 320 nm following excitation at 279 nm or S in
solution at 335 nm after the excitation at 330 nm. The decay in corrected
fluorescence intensity as a function of competitor concentration was used to
determine the midpoint of the competition {/Csp). An apparent (K) value was
calculated using K; = [/Cso/(1+[L)/Ky), where K; = apparent inhibitor constant, [L] =

free concentration of dopamine or serotonin, and K = apparent dissociation constant

- of a given MIP for dopamine (or serotonin). The binding of original probes in the

presence of competitors was calculated and reported as the % binding of printed

molecule to sites on the DS-MIP. Each experiment was repeated three times.

2.9. Determination in binding affinities of the ergots for natural receptor

- The tested ergots were assessed for dopamine and serotonin binding
affinities in immunocompetitive experiment using serotonin and dopamine-discarded
receptor of male-Wistar rats with the exogenously added dopamine (or serotonin) as
the molecular probe. The rat hypothalami receptors were isolated using the
procedure described previously'®, following by washing with 50 mM Tris HCI until the
endogenous dopamine and serotonin are no longer found in the rinse as verified by
the fluorescence method that was described in the competitive fluorescence

imprinted polymer binding experiment. The resulting pellets of discarded receptor
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were re-suspended in 50 mM Tris HCI with 0.5 mM Na,EDTA, 0.1% Na ascorbate
before use. The protein content of the receptor pellet was examined by using the
procedure of Bradford®®.

Saturation experiments for the extract rat hypothalamus receptor were carried
out by varying the concentration of D or S ligand using 50 mM Tris HC1 with 0.5 mM
Na;EDTA, 0.1% Na ascorbate as medium, at 37°C. D or S binding at various
concentrations was carried out with the rat hypothalamus and Scatchard analysis of
the data, according to the method in section 2.5 showed good fits (linearity) to the
binding isotherm for a single class of binding sites. The dissociation constant (Ky)
and receptor binding (Bnax) values were also determined to be 121.9 + 3.69 nM (n
=3) and 360 + 11 pmol/mg protein (n =3), respectively for the D, and a K of 53.18 +
2.89 nM (n=3) and 370 + 40 pmol/mg protein (n=3)}, respectively for the S. The
ability of 6-8 concentrations of test ergot (0.1-500 pg/m! for typical profiles) to
displace 0.25 ymole D or S probe was measured in drug displacement studies. The
DIS binding was saturated with high affinity. To examine the equilibrium binding
constant for the ergots, the unbound D and S probes was measured by fluorescence
spectroscopic method (same és that in competitive fluorescent ligand binding assay
of DS-MIP) with the use of cation exchange resin to separate the protein bound and
unbound of the probes. All experiments were performed with four determinations
using 50 mM Tris HCI] with 0.5 mM Na,EDTA, 0.1% Na ascorbate as medium, to
which 10 mg of protein was added giving a final volume of 1 ml. The tubes were
allowed to equilibrate for 30 min at 37°C before filtering with a 0.45 pm cellulose
acetfate syringe filter (Whatman, NJ, USA) and washed with two 5 ml ice-cold Tris-
buffer. Filters were lIyophilized and analysed for free probes. The supernatant
aliquots were then passed through small columns of Amberlite CG-50 as previously

reported®’. The 3 ml of 1:3, viv formic acid-ethanol eluates containing the analytes
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assay with fluorescence spectrometer. The binding of D and S probes in the
presence of the ergots was calculated and plotted to the ergot concenirations for
determination of /Csp. An apparent K; value was calculated same as that in the

competitive fluorescent molecularly imprinted polymer ligand binding assay.

3. Results and discussion
3.1. The MIP and characteristics

A dopamine and serotonin molecularly-imprinted polymer (DS-MIP) artificial
receptor was synthesized by the thermal polymerization of methacrylic acid and
acrylamide using N,N'-methylene-bis-arylamide as cross-linking monomer in the
presence of D and S as the template in aqueous methanol solution. MAA and ACM
were adopted as the functional monomer mixture for imprinting of the polymer with
dopamine and serotonin templates, because the carboxylic group or the amide group
of these monomers is capable of interacting with the acid group and amino group of
either two printed molecules. This could give a great variety of chemical properties,
which could be useful to exploit many different interactions such as ionic, hydrogen
bond and charge transfer interactions, with the templates. MBAA was employed as
cross-linking monomer of this work, due to its anticipated property of giving a flexible
and conformationally adaptable to the polymer as the protein-based natural
recognition systems. The chosen functional monomers and cross-linker were
constructed into the MIP structure with a view to increasing the possibility of
obtaining an efficient recognition system in a polar medium, thus mimicking the
binding environment of natural receptors. A mixture of methanol and water (4:1, v/v)

was chosen as the porogen solvent since the templates are soluble only in polar

solvent.
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The DS-MIiP had particle sizes in the range of 20-37 um as determined by a
laser diffraction (Malvern Mastersizer; Worcester, UK) and pore diameters were
inspected by nitrogen adsorption/desorption techniques using a Coulter SA3100
series surface area and pore analyzer (Coulter, USA) in the range of 18-55 nm and
pore volumes in the range of 0.21-0.31 ml/g. The polymer particles possessed could

swell in methanol, water and 4:1 (v/v) methanot:water, approximately 60-100%, but

did not swell in acetonitrile.

3.2. The selectivity of DS-MIP to template

An evaluation of the presénce of template recognition in DS-MIP was
performed in a various aqueous media using batch binding assay in parallel
experiment with reference polymers (1:1 w/iw D-MIP and S-MIP mixture, D-MIP and
S-MIP) and corresponding non-imprinted polymer. Figure 2 shows the binding of D
and S to the DS-MIP and reference polymers when incubated in acetonitrile,
methanol, methanol/water (4:1 v/v) mixture and pure water. The %binding of D and
S were highest in acetonitrile and lowest in the mixture of methanol and water
solvent. However, the non-specific adsorption of D and S binding sites were high in
acetonitrile as well as methanol and water. The template recognition of DS-MIP and
that of all the reference receptors is highest in the mixture of methanol and water
solvent (a value > 2), showing that the synthesizing medium of the MIP receptors
was superior solvent for selectively binding of D and S ligands. The binding results
obtained for the single-recognition MiPs (D-MIP, S-MIP) were agree with those of
DS-MIP for either case of D or S ligand. Percentage binding of either D or S for DS-
MIP was not to be different from that on the dopamine and serotonin imprinted

polymer produced by single-template imprinting method (1:1, w/w D-MIP and S-MIP
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mixture). The present study showed that DS-M!IP engineered has highly specific

recoghition towards both D and S in an aqueous solution.

3.3. Binding characteristics of DS-MIP

Table 1 shows dissociation constant (Kg) and binding capacity {Bmax) values of
the higher and lower affinity binding sites of the imprinted and non-imprinted
polymers. The Scatchard analysis of DS-MIP and the single-recognition polymers as
well as the non-imprinted polymer showed that the recognition sites of the polymers
prepared are heterogeneous. The imprinted polymers contain high proportion of
high-affinity binding sites but that minor low-affinity binding site being present. It can
be observed that binding affinity of the D/S probe to the control polymer was very low
in all cases. Generally, the binding of S ligand on DS-MIP and the reference MIP (D-
MIP, S-MIP) is greater than that for D ligand. Moreover, the binding affinity of DS-
MIP with D and S ligands is higher than that of the respective single-recognition
MIPs (D-MIP, S-MIP), whilst binding capacity of the former MIP with the latter Mo
MIPs are not different for both D and S. Also, the non-printed molecule, D and S can
bind to either two MIPs, S-MIP and D-MIP, but that having less affinity than that of
the printed molecule. This means that either two single-recognition MIPs have cross-
reactivity to the compound that is structurally closely related to the template. DS-MIP
which was produced by using D and S as the template molecules showed higher
affinity to D and S ligand than the single-recognition MiPs. The selective recognition
for D and S molecule by DS-MIP is likely due to multiple-template imprinting and

cross-reactivity effect of the imprinted polymer.

3.4. The specificity of the DS-MIP
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The dopamine and serotonin selectivity of DS-MIP was generated by multiple-
template imprinting technique. Using multiple-template imprinting method offers a
rapid and easy means capable of providing a multiple-recognition for a MIP.
However when making a MIP with different combination of templates, a selectivity
pattern can be generated with selectivity pattern having broad recognition range for
compounds. The selectivity pattern achieved with the DS-MIP was examined with
respect to recognition selectiyity of various adrenomimetic ligands (i.e. dopamine
serotonin, salbutamol, isoproterenol, epinephrine and methyldopa) (MD) and
serotomimetic ligands (i.e. serotonin and histamine) by using batch binding
experiments, upon comparison study with the corresponding single-recognition MIPs
and mixture. A control experiment was carried out by using the relative single-
recognition MIPs, D-MIP and S-MIP as reference polymers. Figure 3 shows
%binding of various adrenergic ligands and serotonergic ligands to DS-MIP and the
reference MIPs. The results showed that %binding value of the printed species on
DS-MIP or either two single-recognition MIPs was higher than that of other ligand
species. In addition, the results suggest that the closely related compounds bound
more effectively for either DS-MIP or the single-recognition MIPs. The cross-
reactivities shown by DS-MIP and the reference polymers for chosen ligands indicate
that a basic structure theme is sufficient for recognition. Since the common
demomination of the structure of the ligands studied is the phenylethylamine unit,
substituents on this structure lead to variations in recognition. Both D and S printed
molecules which did not have hydroxyl group at g-position of the phenylethylamine
skeleton. It was found to be most favourably bound either by the DS-MIP or the
reference polymers compare to that of other structurally related compounds. The
binding of either g-OH-phenethylamine or methyl-substituted phenethylamine

derivative (i.e. methyldopa) was similar order in the single-recognition MIPs and the
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DS-MIP. The corresponding single-recognition MIPs showed high cross-reactivies
with a wide range of adrenomimetic and serotomimetic ligands than the DS-MIP did.
The DS-MIP prepared by multiple-template imprinting technique presents a great
specificity to D and S ligands with partial cross-reactivity due to template mixture.
The DS-MIP and the corresponding single-recognition MIPs selectively
recognised the D and/or S print species which has a phenethylamine structure better
than g-OH-phenethylamine compounds, epinephrine, salbutamol, isoproterenol and
methyldopa. This may be due to steric constraints imposed by the hydroxyl group in
three-dimensional arrangement of the compounds, such that they interact less
favourably with the g -hydroxyl grbup. Histamine which has an imidazole ring in its
structure, favourably bind to the S-MIP, but give less affinity for the D-MIP. This
indicates that the catechol structure is necessary for ligand binding of the D-MIP,
whilst this is not crucial in case of S-MIP. Indeed, the biogenic amines,
norepinephrine, dopamine, and sérotonin can be viewed as structural elements of
the ergoline ring system that is shared by all the ergot alkaloids. Therefore, the DS-
MIP produced in this work is able to be used as a selective material for preliminary

screening of new dopamine/serotonin agents.

3.5. Specificities of ergots to the DS-MIP

The DS-MIP would be adopted for determination receptor-ligand binding of a
group of ergoline derivatives. Initially the specific sensitivity for binding of seven
ergots (ergocryptine, ergocornine; ergocristine, ergonovine, agroclavine, pergolide
and terguride) were assessed in the absence of D or S probe in 4:1 (Viv)
methanol/water at room temperature (28+1° C), using a MIP slurry of 5 mg/mL. The

percentage binding of the 2.5 pg/mL of ergots as a function of time is depicted in

Figure 4. The %binding of ergots on DS-MIP when measuring in the absence of D/S
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was constant within 6 hr. The binding value of the ergopeptine compounds (i.e.
ergocryptine, ergocristine, ergocornine) is about two times lower than that of clavine
derivative, agroclavine. By contrast, the lysergic acid derivatives (i.e. ergonovine,
pergolide, and terguride) have percentage binding value lower than that of the
clavine but higher than that of the ergopeptines. The %binding obtained from this
study reflects to the specific binding of the ergots with the DS-MIP, which three
libraries of the tested ergots were achieved, and this correlated to chemical
structure.

The preliminary study was aimed to determine the binding reactions of the
ergots on DS-MIP binding sites when incubated either with D or S probe, which this
was carried out by using a competitive ligand binding experiment using
chromatographic method for analysis of the unbound ergot in incubation medium.
Figure 5 shows isothermal binding reactions between the various ergots and D or S
probe. With the addition of D probe, %binding of pergolide and tergolide change in
the concentration range between 0.1 and 5 pyg/mL %binding of ergonovine changes
in the concentration range between 1 and 100 pg/mL and %binding of ergocornine,
ergocristine and ergocryptine change in the concentration range between 0.2 and
500 pg/mL. For the addition of S probe the change of binding generally occurs at
high concentration range, 0.1-1 pg/mL for pergolide, terguride, ergocornine or
agroclavine ligand and 10-1000 pg/mL for ergocriptine, ergocornine or ergocristine
ligand. The result suggests the ability of the ergots to act as the competitors of D/S
bound to DS-MIP and also the differences in competition reaction of various ergots
with the D/S ligand being present. In addition, the increasing amounts of the ergot
enabling of the increased ergot-D (or S) displacement suggests reversibility of

ligand-receptor interaction for DS-MIP.
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3.6. Screening of dopamine/serotonin binding receptor of the ergots by DS-MIP

The greatest utility of the displacement assay with DS-MIP using D/S as a
fluorescent probe may be in its ability to serve as a screen for novel ligands of the
dopamine and/or serotonin binding receptor. The determination in ligand binding
activity of ergots by chromatography as above mentioned had proven to be
expensive and time consuming, which is not suitable for high-throughput screening
of drug development. An application of DS-MIP, which adapted to fluorescence
assay study is demonstrated in the current study. A group of ergot derivatives,
including four ergopeptine derivatives such as ergocryptine, ergocornine,
ergocristine, ergonovine, one clavine agroclavine, and two amide of lysergic acids ;
pergolide and terguride has been characterized as to their ligand binding activities on
competitive fluorescence imprinted polymer binding assay protocol performing in
presence of D or S as a fluorescent probe. Figure 6(a-b) shows competitive binding
assays with the various ergoline compounds and the D or S probes when conducted
with the competitive fluorescent molecularly imprinted assay using DS-MIP as
adsorbent phase. Typical sigmoid calibration curves were obtained with either D or S
probe. The apparent inhibition constants (Kj) obtained from these experiments are
listed in Table 2. The lower the K, the greater receptor binding. The related affinity
of DS-MIP for the tested ergots shows modest either dopamine receptor or serotonin
receptor displacement characteristics. There are differences of each ergot for
competitive binding with D or S. All ergopeptines displaced D binding with affinities
about four fold lower than the lysergic acid derivative, which had affinity about four
and two fold lower than the clavine derivative for D and S binding site, respectively.
Both lysergic acid derivatives and clavine derivatives bound to D with higher affinities
than those bound to S. All ergopeptines has low affinity at both of D binding sites and

S binding sites. All of the lysergic acid derivatives bound to D binding sites and S
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binding sites with affinities similar to each other. Therefore, the assay with DS-MIP
demonstrates that all the ergot studied act as a dopamine/serotonin binding receptor
and that the binding characteristics of the compounds are similar, but not identical.
These experiments also confirm the ability of this assay using the DS-MIP as
receptor mimic, to identify new ligands for the dopamine/serotonin binding receptor.
The affinity of all those ergots on natural receptor was evaluated to compare in the
ligand binding activity of the ergots. As seen in Table 2, the DS-MIP in a competitive
fluorescent ligand binding assay for ergot produced results which were comparable
well to those obtained using a competitive immunoassay data obtained using
dopamine/serotonin receptors derived from the rat hypothalamus. The current study
shows that the assay with DS-MIP is highly specific and affinity is similar to natural
receptors, is applicable for screening the ergot family.

As previously stated, ergot derivatives usually contain
dopaminergic/adrenergic pharmacophore and serotonergic pharmacophore, and
their pharmacological activities are responses mediated by adrenergic, serotonin or
dopamine receptors. Either dopamine or serotonin is an important neurotransmitter,
acts on those receptor types. The competitive fluorescent ligand binding data
achieved with using DS-MIPs may be useful for evaluating in binding competition of
ergot derived molecule with one of the dopamine and serotonin neurotransmitters.
The study of biomolecular binding events in areas such as proteomics,
neuroscience, cancer research, developmental cell biology, structural biology and
immunology is essential for the understanding of the fundamental mechanisms of
living cells. The competitive fluoresecent figand binding assay with DS-MIP offers a
direct detection and monitoring of biomolecular binding events in real time without
labeling and without purification of the substances involved to determine the binding

specificities of possible new ergot derivatives. The assay could provide the way to
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measure the speed of binding events. Indeed the dopamine and serotonin receptor
of biological sources has many subtype and the assay with DS-MIP can not
distinguish between agonist and antagonist agents either of the subtypes of
receptors, but that this techniqgue has been useful in describing the binding
specificities for a newly described member of the ergot family, as particularly when
combines the experimental studies with molecular modeling. Even though the basis
of the affinity for the biological dopamine and serotonin receptor and the DS-MIP
sorbent phase were completely different, but that this technique can be used to
prefiminary screening of ergot family, and to identify high affinity ligand and to
discriminate for the dopamine/serotonin specific receptor. In addition because the
DS-MIP does not derive from biological origin, there is no problem as the among

class variation among biological receptors.

4. Conclusion

In this report, we have shown that the prepared dopamine and serotonin
molecularly imprinted polymer artificial receptor bind dopamine and serotonin with
high affinity and that the competitive fluorescent ligand binding assay with the
dopamine and serotonin molecularly imprinted polymer artificial receptor can be
used to examine the dopamine/serotonin binding characteristics of several ergot
molecules. Furthermore, this assay has been useful to serve as a screen and/or
describe specificity for a newly described member of the ergot family. We conclude
that the assay with the dopamine and serotonin molecularly imprinted polymer
provides a fast and inexpensive means of analyzing the ligand binding
characteristics for virtually any available ligands. Because the number of ergoline
compounds being modified and reported is increasing rapidly, the dopamine and

serotonin displacement assay can be used as a general tool for the evaluation of
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ligand binding affinity and specificity for dopaminergic and serotonergic receptors,
i.e. various members of the ergot derived compounds. In addition, the advantage of
screening of ergot ligands with the dopamine and serotonin molecularly imprinted
polymer by competitive fluorescent ligand binding assay method is a possible of
screening library for dopamine and/or serotonin receptors binding mimics to replace
their biological counterpart concurrently in radio-immuno ligand binding assay,

thereby accelerating drug discovery and development.
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LEGENDS

Figure 1: Structure of templates and ergot compounds studied in this work.

Figure 2:

Figure 3:

Figure 4:

Effect of solvent on the % binding of the print molecules bound to
various molecular artificial imprinted receptors and corresponding NIP
synthesized in this study. The values shown are mean + SE of 3
replicate specimens.

The % binding of various adrenergic ligands and serotonergic ligands
for D and S binding site on (a) the DS-MIP and (a) the related single-
recognition MIPs (mean + SE, n=3). dopamine (D), serotonin (S),
salbutamo! (SB), isoproterenol (/P), epinephrine (EP) methyldopa
(MD), histamine (HT). The values shown are mean + SE of 3 replicate
specimens.

Time course for the binding of ergots on the DS-MIP at room
temperature. The values shown are mean *+ SE of 3 replicate

specimens.

Figure 5: Ergot-binding isotherms when incubated increasing concentrations of

Figure 6:

each ergot with 5 mg/mL DS-MIP in the presence of a 2.5 pg/mL of
(a) D or (b) S in 4:1 (v/v) methanol/water mixture at room temperature.
The values shown are mean + SE of 3 replicate specimens.

Calibration curves for ergot compounds obtained from competitive
fluorescent molecularly imprinted assay with DS-MIP competitive
binding assays using {a) D and (b) S as a probe. The values shown

are mean + SE of 3 replicate specimens.
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Table 1: Dissociation constant (Ky) and binding capacity (Bnmax) of the polymers
(mean * SE |, n=3). |

Table 2: Binding affinities (inhibition constant [Kj], pmol/L) for DS-MIP (mean
SE, n=3) and rat hypothalamus receptor (mean * SE, n=4) of the

ergots.
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Figure 5
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Table 1: Dissociation constant (Ky) and binding capacity (Bmax) of the polymers. The
values shown are mean + SE of 3 replicate specimens.

Polymer | Ligand High-affinity binding site Low-affinity binding site
Ks(10°*M) | Bpax (umolig) Kg (10*M) Bmax (Hmol/g)

DS-MIP D 0.710.0 3.1£0.9 1000 £ 2.1 94+33

S 0.3+0.0 36101 16.7 £1.3 119457
DMIP D 1.1+03 35+07 125 +6.0 09100

S 20+1.2 5129 35.3+£21.0 31122
S-MiP D 28+16 3617 100.0 +3.6 74+038

S 0.7 +£0.1 4703 144.9 +£45.3 124+ 09
NIP D 14.1+£3.5 04202 74141 27111

S 50.0+233 1.5+06 1.6+1.3 151112




Table 2: Binding affinities (inhibition constant [K]],) for DS-MIP (mean + SE, n=3) and

rat hypothalamus receptor (mean + SE, n=4) of the ergots.

The DS-MIP The natural receptor

E a
Ergot D ligand S ligand D ligand S ligand

(pmolil) (pmol/L) {(nmoliL) (nmol/L)
ergocryptine 111.6 + 0.99 103.3 + 0.57 106.3 + 1.06 3122 +7.78
ergocristine 130.8 + 1.20 93.30 + 0.50 285.2+2.12 185.5 + 4.81
ergocornine 2298 +2.12 110.0 £+ 0.64 3885+325 58.9+ 148
pergolide 0.45 + 0.01 17.0 +0.07 262.9+ 3.82 187.2 +4.67
terguride 0.59 + 0.01 21.60 +0.14 1.87 + 0.07 36.60 +0.92
ergonovine 4480 + 0.42 33.30+0.24 97.85+2.26 33.90 +0.85
agroclavine 0.79+ 0.01 19.16 + 0.18 5851+ 1.13 33.50 + 085

? See Figure and text for the structure of the ergots.






