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Abstract: Two approaches to synthesize molecularly imprinted polymers with affinity for folic acid and other
substituted pteridines have been compared. In the first approach, the folic acid analogue methotrexate was
used as template and functional monomers capable of generating selective binding sites were searched in a
miniaturized screening system based on binding assessment in the batch mode. Highest selectivity was seen
using 2-vinylpyridine as functional monomer, which was confirmed in the chromatographic mode for a batch
synthesized on a gram scale. However, the retentivity and selectivity of this phase were insufficient for anticipated
applications. In a second approach, using methacrylic acid as the functional monomer, organic soluble inhibitors
for the enzyme dihydrofolate reductase were used to develop sites complementary toward the pteridine
substructure. This resulted in materials showing enhanced selectivity for substituted pteridines when evaluated
by HPLC. Thus, methotrexate and leucovorine were selectively retained in mobile phases of either low or
high agueous content, thus showing the typical bimodal retention behavior of previously reported MIPs. In
organic mobile-phase systems, the inhibitor used as template had an influence on the retentivity and selectivity
of the MIP. The polymer imprinted with trimethoprim retained all folic acid analogues strongly and showed
the highest selectivity among the MIPs in an organic mobile-phase system. This was supported by Scatchard
analysis resulting in biphasic plots and a quantitative yield of high-energy binding sites. All templates were
shown to associate strongly with MAA in CD£lthe strength of association correlating roughly with the
template basicity and the selectivity observed in chromatography. Nonparallel complexation-induced shifts
indicated formation of 1:2 template monomer complexes at concentrations corresponding to those of the
prepolymerization solutions.

Introduction target structuré-12 Despite this impressive trait, MIPs are
i o . inferior to antibodies in some important respects. One of these

The synthesis of artificial receptors capable of recognizing ig the poor aqueous compatibility, reflected in nonspecific
complex biomolecules in water remains an important challenge adsorption and poor recognition of targets in water. There is
in chemistry! The approaches so far taken have involved low g5 a lack of general approaches to generate sites for more
molecular weight hosts designed on the basis of molecular complex biomolecules. In this case, the polymer may need to
modeling?~* the generation of peptide or nucleic acid libraries, e synthesized in aqueous media to solublize the target and to
followed by screening of these to identify target binding gtapilize it in a conformation close to its native low-energy
sequgnce%or self-assembled recognition elements obtained by conformation. However, in water, the strong hydration forces
allowing hosts to assemble in the presence of the target orgng the polar environment prevent stable electrostatic interac-
substructures of the target molecfle. tions between the target and the functional monomers that are

This latter approach has been used to synthesize molecularlycommonly used in molecular imprinting.
imprinted polymers (MIPs) for a large number of low molecular  pespite these problems, advances have been made. Introduc-
weight target molecules, and these polymeric receptors havetjon of functional monomers targeted toward specific functional

been shown to recognize their targets with affinities and groups via hydrogen_bonded ion paﬁ?éﬂ donor—acceptor
selectivities in same order as antibodies generated for the samgnteractions'® hydrophobic force46-18 metal ion-mediated
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Figure 1. Substructure approach for recognition of folic acid and NH, CHg OCHs N ~ OCH;
analogues by mo_Ie_cuIar imprinting. (A) Folic acid or analogye as N N OCH, HZN)\N/ ocH,
template; (B) pteridines as templates; (C) N-protected glutamic acid l
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binding®21 or a combination of noncovalent and covalent Chart 2

attachment2 may effectively allow subsequent recognition of

polar biomolecules to take place in aqueous media. In addition,
general purpose monomers may be used to generate sites for
proteins showing impressive selectivitis.

An alternative approach is to use organic soluble analogues
complementary to substructures of the tafdedlthough the
resulting sites are by consequence less specific for the target,
this strategy uses simple templates that are soluble in aprotic
solvents. This may result in sites complementary to the
substructure that still bind the larger biomolecules with signifi-
cant affinities. The corresponding binding energy may be large
enough to overcome rotational barriers for fitting the larger
substrate to the sites.

In this work, we have compared such approaches with
traditional approaches to generate sites for folic acid and
analogues (Figure 1). Folic acid is a water-soluble B vitamin
derived from its conjugates, folate polyglutamates, and is found
in foods such as green leafy vegetables, organ meats, and some
fresh fruits. It is converted in the liver and plasma to tetrahy-
drofolate?®

The design of the sites was inspired by the active site structure hydrogen bonds between Asp27 and the N1 of the pteridine, in
of the enzyme dihydrofolate reductase (DHFR). This reduces combination with a salt bridge between the glutamic acid
dihydrofolate to tetrahydrofolate which, by donation of single substructure and an arginine guanidine functional group (Chart
carbon fragments, plays a critical role in the biosynthesis of 2)2” This suggests that a site for the pteridine substructure can
amino acids, DNA, and RNA. The inhibitors of this enzyme be formed by using methacrylic acid (MAA) as functional
(trimethoprim (TMP) and trimetrexate (TRX) in Chart 1 and monomer and the corresponding inhibitor as template. Likewise,
methotrexate (MTX) in Chart 2) have found important use in the glutamic acid substructure can be targeted using other
medicine. For instance, MTX is used in cancer therapy, since functional monomers and N-protected glutamic acid as template.
it preferentially slows down the cell growth of rapidly growing Using this substructure approach, materials have been prepared
cancerous cells. In the site design, it is interesting to study the resulting in enhanced retentions of folic acid and analogues in
crystal structure of this inhibitor docked in the active site of Wwater when the polymers were evaluated in the chromatographic
the enzymé8 This may suggest how to initially design the mode.
imprinted site. Thus, it is seen that MTX binds to the site via

Experimental Section
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Chemicals. Methotrexate (MTX, ¢)-amethopterine), leucovorine
(Leu, dl-L-form of folinic acid as its calcium salt), folic acid (Fol),
2,4-diamino-6,7-diisopropylpteridine (DIP), methacrylamide (MAAM),
methyl methacrylate (MMA), methacrylic acid (MAA), 2-hydroxyethyl
methacrylate (HEMA), itaconic acid (ITA)N-vinyl-2-pyrrolidone
(NVP), trifluoromethacrylic acid (TFM), ethylene glycol dimethacrylate
(EDMA), dichloromethane, chloroform, amétmethylpyrrolidone were
purchased from Sigma Aldrich Chemie Gmbh (Deisenhofen, Germany).
Trimetrexate glucuronate (Neutrexin) was a gift from U.S. Bioscience
Inc. and was transformed to the free base form by extraction with Na
CO; as follows. Trimethrexate glucuronate (250 mg) was dissolved in
water (100 mL). After the pH was adjusted to 11 with ;R&s,
trimethrexate was extracted into dichloromethanex(3300 mL).
Trimethoprim (TMP) was obtained as a gift from Hoffman la Roche

(26) Bolin, J. T.; Filman, D. J.; Matthews, D. A.; Hamlin, R. C.; Kraut,
J.J. Biol. Chem1982 257, 13650.

(27) Birdsall, B.; Polshakov, V. I.; Feeney, Biochemistry200Q 39,
9819-9825.
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Ltd. (Basel, Switzerland). 4-Vinylpyridine (4-VPy), 2-vinylpyridine (2-  Table 1. Composition of Folic Acid Analogue Imprinted

VPy), acetonitrile, and the buffer salts, N#0, and NaHPQ,, were Polymers

purchased frqm Mercl_< (Darmstadt, Germany). Acetic acid was obtained polymer tem- mol functional mol Vo

fromhFIuka B|0Chen21|;a (Nbeu-UItr)n, Germe:nyz. ) A ] code plate % monomer % solvent VP
The azoinitiator 2,2azobisisobutyronitrile (AIBN) was obtaine -

from Janssen. Prior to use, AIBN was purified by recrystallization from PMTX1 MTX 0.15  2-VpPy 40 MeCN/NMP, 2:1 1.6

methanol. EDMA was purified by extraction with 10% NaOH, washing PM$§;BL MTX 0.15 ?\/Ixzy j(()) I{\/I/Ieegﬁlllll\\lll{\/l/llf 2211 112
with brine, drying over anhydrous magnesium sulfate, and subsequent p\ 1y gL ' MAA 40  MeCN/NMP 51 1..6
distillation under reduced pressure. 2-VPy, 4-VPy, and MAA were pp|p DIP 090 MAA 16 CHCl, ' 18
purified by distillation under reduced pressure; other monomers were pp|pgL MAA 16 CH,Cl, 1.8
used as received, but stored under cool and dry conditions on pTMP TMP 0.90 MAA 16 CHCl, 1.8
appropriate molecular sieves. The porogens were all distilled under a PTMPBL MAA 16 CHCl, 1.8
positive nitrogen atmosphere. The deuterated chloroform used in the PTRX TRX 0.45 MAA 55 CHCl, 2.7
NMR titrations was dried by treatment with activated alumina and stored PTRXBL MAA 55 CHxCl, 2.7

on molecular sieves. Other solvents were of HPLC grade and stored aTh - : :

; - e polymers were prepared as described in the Experimental
on molecular sieves. The buffer solutions (0.2 mM) were prepared by gecinn using the above monomer compositions and EDMA as cross-
dissolving the salts in bidistilled water and adjusting the pH with linking monomer. After the HPLC assessment, nitrogen elemental
hydrochloric acid (0.1 M). analysis on the polymers indicated that at least 90% of the template

Apparatus. The glass vials (1.5 mL) with rubber septa used as had been removed. The FTIR (KBr) spectra of the polymers showed
polymerization reactors were purchased from Supelco. All chromato- the following main bands (cnt): PDIP 754, 953, 1160, 1261, 1391,
graphic evaluations were performed using a Hewlett-Packard instrument1457, 1478, 1637, 1731, 2958, 2992, 3504; PTRX 756, 959, 1164,
(HP1050 or equivalent) equipped with a quaternary pump, an autosam-1262, 1390, 1455, 1470, 1636, 1722, 2958, 2992, 3250, 3550; PMTX1
pler, a diode array detector, and an HP work station. Unless otherwise 751,952, 1151, 1249, 1388, 1476, 1570, 1595, 1631, 1731, 2956, 2982,
mentioned, the flow rate was 1 mL/min and the separations run at room 3469, 3588. No significant difference was seen between the spectra of

temperature. The NMR spectra were recorded on a Bruker 400 MHz mg |tr$1t2r||rrlrt]%(:]c?rr;grb\llao?gn?glymer%Ratlo of the volume of solvent to
NMR spectrometer. '

Small-Scale MIPs (MiniMIPs).28 SynthesisTwo mother solutions
(with or without template) were prepared by mixing EDMA (1.7 mL),
AIBN (25 mg), MeCN (2.5 mL), and NMP (1.25 mL). For the MIP
series, MTX (10 mg) was added as template. A total of 4QOof
each mother solution was then dispensed into 1.5-mL glass vials
followed by addition of one of the functional monomers (MAA, 4-VPy,
MAAM, TFM, NVP, ITA, 2-VPy, MMA, HEMA; 40 mol % total
monomer). To the vials contain)i/ng MAAM, NVP, 2-VPy, MMA, and DIP, and 247_ hm.for T™P _and TRX. .

HEMA, 10 4L of NMP was also added. Each vial was then sealed Batch Pgrtltlonlng_ Experiments. Stock sol_uthlons of DIP or TMP
with a rubber septum and purged with nitrogen for 5 min. The vials (10 MM) dissolved in chloroform or acetonitrile were prepared and
were then heated for 24 h at 8C in an oven. diluted in order to obtain solutions with appropriate concentrations:

Template Extraction and Rebinding Experimerfter polymeri- 5 4, 3'_2'5' 2,15,1,0.75, 05, 0'25’_0'1’ 0.075, 0.05, 0.025, and_ 0.01
zation, the release of the template in the porogenic mixture was MM- Aliqouts (500uL) of these solutions were added to glass vials
quantified. For this purpose, 1 mL of MeCN/NMP (2:1, V/v) was containing 5 mg of MIP or blank polymer. In a(_jdltlon, pure solvent
dispensed to each vial, the vials were shaken, and after 4 h, the free!Vas added to one set of MIP and blank polymer in order to compensate

MTX in the supernatant was quantified by reversed-phase HPLC using 0" Packground drift due to bleeding of template occurring during the
a 10uL injection volume, a C18 reversed-phase column (Prodigy 5 period of the experiment. After 20 h, where the vials were shaken at

um, ODS3, 125x 4.6 mm), with the mobile phase MeCN/potassium regular time intervals, the amount of free ligand in the supernatant was
phc;sphate’buffer 0202 M (’pH 7.4) (10:90, v/v), UV detection at 288 quantified by HPLC using an external standard for calibration. For the
nm. and MTX as an external standard.-To’ the \’/ials were then added 1partitioning experiment using acetonitrile as solvent, a C18 reversed-
mL of HOAc, and the quantity of MTX released was again assessed Pnase column (Prodigy 4m ODS3, 125 mmx 4.6 mm) was used. In

after 4 h asabove. The rebinding experiment was then performed by this case, the mobile phase was acetonltrllt_e/potassmm phosphate bulffer,
adding 1 mL of a solution of MTX (0.16 mM) in MeCN/NMP (2:1, 0.2 M, pH 7.4 (50:50, v/v) with UV detection at 2_4_2 nm. In the case
vIV) to each vial, and the concentration of free MTX was determined where chloroform was used as solvent, the quantification was done by
after 1. 26. and 76 h. flow injection in chloroform. It was not possible to obtain binding

Normal-Scale MIP Synthesis.MIP and blank polymers were isotherms for TRX due to its limited solubility in these solvents.
prepared with the compositions given in Table 1. In the case of polymer ~ 1€Mmplate Monomer Titrations Monitored by *H NMR. Stock
PDIP, MAA (0.30 mL, 3.4 mmol), EDMA (3.6 mL, 18 mmol), AIBN  Solutions of the template (0.01 M) (TRX, 0.005 M) and MAA (0.15
(40 mg), and DIP (50 mg, 0.20 mmol) were mixed in £#p (7 mL) M) (in the titration of TRX, 0.075 M) were prepared by dls_solvmg
and then transferred to glass polymerization tubes (14 mm i.d.). Each @PPropriate amounts of the template and the monomer in €DCI
solution was then degassed with nitrogen for 15 min, and the tubes Aliquots of the template solution (0.3 mL) were pipetted into NMR
sealed and heated at 8C for 8 h. After the polymerization, the  tubes, and different volumes of MAA and CDGVere added in order -
monolith was crushed and sieved in order to obtain particles with a t0 obtain molar ratios of monomer to template ranging from 0 to 15 in
diameter between 25 and @6n. These were then washed consecutively @ total volume of 0.6 mL. ThéH NMR spectra were recorded and the
with 3 x 40 mL of MeOH/HO (1:1), MeOH, MeOH/HOAc (9:1),  Shifts of the significant protons were taken.
and MeOH and thereafter dried.

Chromatographic Evaluations. The particles (2536 um) were Results and Discussion

slurried in methanol/water (80:20) and packed into HPLC columns (25 he obiecti fth K d d ial
mm x 4 mm) at a maximum pressure of 300 bar using a compressed The objective of the work was to study and compare materials

gas-driven slurry packer. The columns were then fitted to an HPLC Prepared using templates copying the complete structure or
system and conditioned using MeCNBIHOAC (92.5:2.5:5, v/viv) substructures of folic acid, in terms of their selectivity and
as mobile phase. affinity for related target molecules. Thus, the approaches shown

Thereafter, the polymers were tested by comparing the capacity in Figure 1 were compared.
factors k') estimated graphically from the peak maximums obtained  Complementarity toward the Complete Target. The di-
(28) Lanza, F.; Sellergren, B\nal. Chem1999 71, 2092-2096. hydrofolate reductase (DHFR) inhibitor MTX was considered

by injecting 10uL of solutions (1 or 10 mM) of the template (dissolved
in acetonitrile), MTX (dissolved in FD/NaOH 0.01 M, 80:20), Leu,
and Fol (dissolved in water) on the blank and imprinted columns. The
void markers were acetone (mobile phase: MeCN and MeGQD/H
HOACc (92.5:2.5:5, v/viv)) or ethanol/water (1:1). The UV detection
wavelengths were as follows: 288 nm for MTX and Leu, 242 nm for
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Figure 2. Protocol for the synthesis of miniMIPs using MTX as template and different functional monomers. Below are shown results from the
rebinding experiment using the resulting miniMIPs. The graphs show the concentration of template remaining in the supernatant after 1 and 26 h
of equilibration of a stock solution of MTX (0.16 mM) in MeCN/NMP (2:1, v/v), respectively.

to be a suitable template due to the potentially strong interactionspolarity of the solvent proved to be a less important faétor.
between the diaminopteridine system and carboxylic acid Thus, the solvent should compete as little as possible with the
monomers such as MA& However, this compound is unstable interaction sites involved in the monomeemplate interactions,
and poorly soluble in solvents useful for the traditional but at the same time solubilize the complex to prevent
imprinting procedure (logPow = —1.85)3° Moreover, its precipitation. Binary solvent systems are useful in this regard.
amphoteric character makes it difficult ta priori select Thus, using the polar aprotic solvent acetonitrile (MeCN) as
functional monomers capable of associating with the template base solvent, MTX could be solubilized by addition Igf
in more polar solvents. For instance, the glutamic acid sub- methylpyrrolidone (NMP). However, the resulting concentration
structure may be best targeted with basic functional monomerscorresponded to only5% of that normally used to prepare
(e.g., 2-VPy, 4-VPy), the pteridine and aminobenzoate sub- MIPs.
structure with acidic functional monomers (e.g., MAA, ITA, After synthesis of the miniMIPs, template release was
TFEM), and the aromatic substituents with monomers capable assessed in the porogenic solvent mixture. Only partial release
of engaging in aromatig-electron donoracceptor interactions  of the template was obtained for some polymers. However,
(VPy). Such monomers were therefore selected and a series ofjuantitative removal was achieved upon addition of acid. Results
polymers synthesized on a small sc&#&llowed by evaluation from the subsequent rebinding experiment agreed with the
of the template release and rebinding to imprinted and control results from the release experiment, indicating that the release
polymers. In the choice of conditions, a particular difficulty is can be used as a rough predictor for rebinding affinity and
the appropriate choice of porogen. It is here important to selectivity of the MIP28 Thus, the MIP prepared using 2-VPy
consider factors related to the polymer structure and porosity exhibited the largest adsorption and selectivity (Figure 2). This
at the micro-, meso-, and macroscopic levels. This is in addition contrasted with the results using MAA as functional monomer,
to the stability and solubility of the monometemplate as- which resulted in a polymer showing no selective adsorption.
semblies, which are of importance for the structure of the These results were confirmed in the chromatographic mode
binding sites at the nanoscopic lev¥&F? In the molecular ~ when using an upscaled version (see Table 1) of these two
recognition by MIPs driven by Brested acie-base interactions,  polymers as stationary phases (Figure 3). The 2-VPy-MIP
it was observed that solvents with poor hydrogen bond capacity exhibited enhanced retention of the template MTX, as well as
resulted in polymers showing efficient recognition, whereas the of the analogues Leu and Fol when compared with the retention
, - — - . on a nonimprinted reference polymer using MeCN/HOAH
idi,ﬁﬁ? Eé’g;'”{Z?f;‘,?,’gﬁ?ﬁ”ﬁgﬁgﬁ? °§ﬁ'§9$°7fdgsgf‘?83%f"'”es and pyrim (92.5:5:2.5, vivIv) as eluet.However, the retention was weak

(30) SRC Physdrop database: http://esc.syrres.com/interkow/Phys- in other mobile phases and the theoretical maximum saturation
Prop.htm.

(31) Sellergren, BTrends Anal. Chenil999 18, 164-174.

(32) Sellergren, B.; Shea, K. J. Chromatogr.1993 635 31—49.

(33) The separation factor for Fol is uncertain due to the difficulty in
determining capacity factors for peaks eluting close to the void marker.
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significantly with respect to the selectivity for the folic acid-
related compounds. Among the polymers, PTRX showed the
strongest and most selective retention of its template, followed
by PTMP and PDIP. Interestingly, this agrees with the order of
decreasing basicity of the templateand may be the conse-
guence of decreasing monomeemplate complexation in the
same order «ide infra).3® A higher degree of complexation
presumably leads to more selective and a larger number of
P e TRX MIX lew ol templated sited> However, selectivity for the template is not

Figure 3. Chromatographic evaluation of columns packed with MIP  directly reflected in the polymers’ ability to retain the folic acid

and blank (BL) polymers. These were (A) PMTX1 and PMTX1BL, derjvatives.

g?;;éfﬁ?d PTMP.tBLf’ (ct:) ;D'P an PD“:;BL' famt:i (D) PTR);_ and In this respect, PTMP showed the strongest retention when
. The capacity factorsk)) and separation factors graphi- compared to the retention on the blank nonimprinted polymer.

cally estimated from peak maximums of the most retained peaks are Th Fol. L d MTX tained with hihval

shown for the templates and the different folic acid analogueg!(10 us, Fol, e.u’ an . Were retained wi ighwa l,!es qn

of 1 mM solutions). the MIP, while considerably less on the blank nonimprinted

polymer3” This is reflected in the separation factor) ( which

capacity of the column was low due to the low concentration &S similar for all solutes on this column. On the other hand,
of template during MIP synthesis. We therefore assessedUSing PTRX, the separation factor of the template was more

alternative approaches. than 2 times higher than those of the folic acid analogues. PDIP
Complementarity toward the Pteridine Substructure. showed poorer selectivity, but in aqueous mobile phasels (
Chromatographic Retention in Organic Mobile Phasés. infra) this polymer also exhibited pronounced selectivity for

number of lipophilic inhibitors have been developed that exhibit the folic acid derivatives. This may be due to the hydrophobic
selectivity for microbial DHFR (Chart 1), with trimetrexate ~ Substituents of this compound, which introduce an additional
being the most poteft.Apart from being more lipophilic, these ~ Nydrophobic drlvgwg force in the rebinding to the corresponding
inhibitors are also more basieeading to strong ionic interac- ~ cavities in watef: , , _
tions with the Asp27 function of the enzyme (Chart 2). The different retention patterns can be partially explained by
Assuming that MIP recognition is driven by similar interactions, €onsidering the shapes of these templates. In Chart 3, MM2
an interesting question is whether more potent inhibitors are Minimized 3D models of template analogues are shown. TMP
also better templates. Clearly, stronger interactions between thefontains one substituted pyrimidine ring with a conformationally
template and the functional monomer will result in a larger Unlocked trimethoxybenzyl group at the S-position. This may
portion of the template being complexed prior to polymerization, créate the space necessary to accommodate the folic acid
which will in turn result in a higher yield of templated sites. derivatives, including those containing a nonplanar fused ring
To test this hypothesis three inhibitors were imprinted using SYStem, such as Leu. Indeed, such ring flipping has been
MAA as functional monomer and dichloromethane (DCM) as ©bserved for TMP bound to the DHFR sifeHowever, TRX,
solvent. At least 90% of the template could be released from With the fused ring system, will more probably give rise to sites
the polymers based on elemental analysis, indicating a highthat are complementary toward planar ring systems. The sites
accessibility to the templated sites. templated by TRX are also likely to contain acid groups capable
The polymers were then evaluated in the chromatographic ©f interacting with the aromatic amino groupide infra) thus
mode using MeCN/HOAC/ED (92.5:5:2.5, viviv) as mobile ~ 1€ading to a more defined site with poor affinity for the
phase (Figure 3). All MIPs exhibited enhanced retention of their @nalogues. Leu may not fit into such a site, since the reduced

templates and of the folic acid analogues. However, they differed Pteridine ring is not planar. This leads to an almost orthogonal
orientation of the 6-substituent relative to the ring plane.

(34) Rosowsky, A.; Cody, V.; Galitsky, N.; Fu, H.; Papoulis, A. T.;
Queener, S. FJ. Med. Chem1999 42, 4853-4860. (36) Albrecht, G.; Zundel, GZ. Naturforsch.1984 39A 986-992.

(35) The following X, values of the templates and solutes were found (37) A fraction of the solutes eluted early with the void volume on both
or estimated: MTX 3.4, 4.7, 5.7 (a); Leu 3.1, 4.8, 10.4 (a); TMP (N1) 7.1 the MIP and blank columns. The capacity factors refer to the retained
(b), 6.6 (a); TRX (RNHPh) 5.2 (b, c); TRX (N1) 8.0 (b, d). Sources: (a) fractions.

Merck Index 11th ed.; Merck & Co, Inc.: Rahway, NJ, 1989. (b) From ref (38) Dauwe, C.; Sellergren, B. Chromatogr., AL996 753 191-200.
30, (c) Estimate based dwmethyl-3,4,5-trimethoxyaniline (CAS124346- (39) Polshakov, V. I.; Birdsall, B.; Feeney, Biochemistry1999 38,
71-0). (d) Estimate based on 2,4-diaminoquinazoline (CAS 1899-48-5). 15962-15969.
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6 001 002 003 004 005 006 007 008 between carboxylic acids and N-heterocyclic bases in poorly
Cot (M) polar aprotic solvent®4> As proposed for TMP in Chart 4,

] o ) ) MAA may form complexes with the templates stabilized by
Figure 4. Complexation-induced shifts\p) of the amino protons of  gong cyclic hydrogen bonds at two sites. The most stable of
TMP and DIP (0.005 M) versus total concentration of MAB) in dthese is expected to involve the more basic N1 nitrogen, leading

CDCl;. Each point represents the average of two measurements, an .
the spread has been indicated when larger than the symbol. to the larger shifts of the 2- dprotons compared to the 4-NH
protons next to the less basic N3 nitrogén.

The presence of conformers binding only weakly to the  Disregarding self-associatitfrand assuming a fast exchange
templated sites is another factor that may contribute to weak between the different states on the NMR time scale, the observed
retention on the MIPs. The most stable conformations of folic chemical shift §on9 corresponds to a mean weighted position
acid-related compounds may change with solvent, pH, and between the signals of free solute (template) and the different
temperaturé® Evidence for the conformational preference of complexes (SL, LS, Si) of the solute (S) with a ligand (L%’
MTX comes from its pH- and temperature-dependent UV The complexation induced shifyd' (=9, — ), of protoni
spectrum. It is seen that two absorption bands shift to lower can be expressed as a function of the formation constéits (
wavelengths with decreasing pH or temperature. At low pH, it of the different complexes and the concentration of the free
is known that MTX prefers a folded conformation, allowing ligand (L). The ratio of the complexation induced shifts for two
intramolecular hydrogen bonds to form between the Glu different protonsi( j) as a function of [L] is usually constant
carboxylic acid groups and the protonated diaminopteridine when only 1:1 complexes are formed whereas for 1:2 complexes
ring.*° On the basis of similar spectral shifts, this structure also the ratio is likely to vary with [L]*” It is clear from Figure 5
appeared to be stable in the mobile phase used in Figure 3. Athat in the present case the latter situation applies. Thus, the
prerequisite for the binding of the folded conformation of MTX  nonparallel plots of the relative complexation-induced shifts
to a site complementary toward the pteridine ring structure is (Ad/Admay) of the different protons versus the total concentration
that the binding energy exceeds the energy required to desta-of MAA (Figure 5A,B) and the one species test for the NH
bilize this conformation. protons (Figure 5C) indicate the presence of higher com-

Monomer-Template Association in Solutiofio gain further plexes?®48 This plot also shows that the shifts of the 4-NH
insight into the origin of the selectivity pattern observed for protons change less with increasing concentration of MAA
the polymers imprinted with the DHFR inhibitors, the associa- (smaller slope of the plot in Figure 5A) than those of the 2,NH
tion of the functional monomer and templates was studied in a protons, further supporting a weaker association at this site and
solution mimicking the prepolymerization mixture. It has been agreeing with the expected differences in basicity between the
proposed that the structure of the complexes existing in solution sites gide suprg. However, since the concentration of MAA
prior to polymerization reflects the structure of the subsequently in the MIP was~10 times higher than the concentration of
formed binding site$>4* 44 This is true only if the complexes  MAA corresponding to saturation in the NMR experiment, it
remain unchanged during the course of the polymerization andis likely that both sites are fully saturated prior to polymerization.
if the resulting sites are not modified due to shrinkage upon |t is also striking that the shifts of the 4-NHbrotons of TMP
removal of the templat&. The former condition may not apply  and DIP are parallel in contrast to those of the 2 Mirbtons.
due to a buildup of strain or a change in the solvent quality This indicates that the association at this site is of similar
with increasing conversion of monomer and the latter due to strength in TMP and DIP. Furthermore, the steepness of the
an insufficient level of cross-linking. Nevertheless, important plots of the 2-NH shifts in Figures 4 and 5 correlates with the

conclusions may still be drawn from such studies. basicity of the compound$, which decreases in the order
Addition of methacrylic acid to a solution of the different : :
inhibitors in CDC} resulted in large downfield shifts of both 50(()4155)0V5Velhouse, G. J.; Bleam, W. Environ. Sci. Technol1993 27,

e_XO‘?YC“C a”?'”o protons of the t_emplates (_Flgure _4) and (46) Dilution experiments showed continued downfield shifts of the
significant shifts of other protons (Figure 5). This is typical for exocyclic NH, protons of DIP and TMP of less than 0.035 ppm when the

the strong hydrogen bond formation that can be expected concentration was increased from 0.00061 to 0.01 M. In view of the
observed shifts and corresponding dimerization constant calculated for

(40) Faupel, P.; Buss, \Angew. Chem1988 100, 422—-423. atrazine in CCj,*° the template dimerization has been neglected in the
(41) Sellergren, B.; LepistdM.; Mosbach, K.J. Am. Chem. Sod.98§ present system. The dimerization constant of butyric acid in GD@s

110, 5853-5860. been computed to 80 M,2° suggesting that a significant dimerization of
(42) Whitcombe, M. J.; Martin, L.; Vulfson, E. NChromatographia MAA occurs at the concentrations used in the experiment. However, this

1998 47, 457-464. will lead to an underestimation of the complex formation constants and
(43) Andersson, H. S.; Nicholls, I. ABioorg. Chem.1997 25, 203- has therefore been neglected in this qualitative analysis.

211. (47) Connors, K. ABinding constants. The measurement of molecular

(44) Andersson, H. S.; Koch-Schmidt, A.-C.; Ohlson, S.; Mosbach, K. complex stability.John Wiley & Sons: New York, 1987.
J. Mol. Recognit1996 9, 675-682. (48) Werner, F.; Schneider, H.Hdelv. Chim. Acta200Q 83, 465-478.
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1,2 A while H6 in TMP, adjacent to the primary site of interaction,
A8/ AB pax . and the CH group are shifted upfield<0.13 and—0.027 ppm,
1 2 8 ¢ respectively), H8 and the Gtéf TRX are both shifted downfield
& - a (0.12 and 0.02 ppm, respectively). The upfield shift may be
X - . due to anisotropic shielding caused by torsion of the trimeth-
° DA% pPm) oxyphenyl group or self-association upon complexation. This
R x| e 2o may be induced by the stronger charge-transfer interactions that
| o%u :: v e can be expected upon protonation of the pyrimidine ring of
* H2 (PR -0.015 ‘ TMP, the latter ring being closer to the trimethoxyphenyl group
- o CH  -0.027 in TMP than in TRX. Finally, the downfield shifts of the GH
T lm i oo o and NH protons of TRX are in agreement with protonation at
Oli , , , e the amino group.
°© o0 002 003 004 005 006 007 008 Polymer-Template AssociationAre the stabilities of the
Ciot (M) complexes in solution reflected in the binding constants and
binding site densities of the resulting MIPs? If this is the case,
12 B a quantitative formation of 1:2 complexes between template and
AB/ A8 e monomer would result in a 100% vyield of high-affinity
templated sites. The question can be answered by performing
s batch partitioning experimenfs*®-51 or frontal analysi¥>3
a providing adsorption isotherms and, in the latter case, additional
06 . kinetic information on the binding. In the former case, different
x ° . amounts of template are added to qlmi.xture containing a fi.xed
0sd , e 1“32 (epmy amount of polymer. Assuming equilibrium, the concentration
[2NH, 133 of free (Cr) and bound templatan) is determined by quantifying
A ‘ the unbound fraction in the supernatant and the isotherm
oH,  0.02 obtained by plotting the concentration of unbound versus bound
018 = - N - " species. The isotherms for PTMP/PTMPBL and PDIP/PDIPBL
oo e o c °’°1‘;’V| a08 pom 0 showed that the MIPs adsorbed considerably more template than
wot (M) the blank polymer8? The binding isotherm can be fitted with
models assuming different distributions of sites of different
o TMP C qualities. For MIPs, the isotherms have been fitted with
= DIP Langmuir mono>5® binary 155052530y ternary®6.57 site models
2] . . which assume one, two, or three different classes of uniform
sites. The Langmuir binary site model has been shown to be a
valid approximation in several cases at higher coverages.
0,8 - . However, at low coverages, the isotherms are better fitted with
continuous distribution isotherms such as the Freundlich
. isothernt2 or using the affinity spectrum approath.
If Langmuir models apply, the association constiptand
" specific site capacitiN can be determined from the slope and
o y intercept, respectively, of lines obtained by least-squares
0 04 0 12 16 regression of linear regions of the corresponding Scatchard plots
A5 (2-NHy) (Figure 6). For TMP, these plots are Iin_ear_ except at onver
) ) o ) coverages, where curvature is seen, indicating sites of higher
Figure 5. Relative complexation-induced shiftsAd/Admay for affinity. Due to the curvature, attempts to fit these points are
significantly shifted protons of TMP (A) and TRX (B) versus total necessarily associated with a larger effoFhe plots for DIP

concentration of MAA Cr) in CDCle. The total template concentration exhibit curvature over the whole concentration interval, and
was for TMP 0.005 M and for TRX 0.0025 M. (C) Complexation- !

induced shifts of the 2-Niiprotons versus those of the 4-blprotons particularly notewlorthy are the h|gh-aff|n|'§y sites present in
of TMP and DIP. The total concentration of the template and MAA PDIPBL not seen in PTMPBL (Table 2). This suggests that the
prior to the polymerization were for PTMP and PDIP 0.02 and 0.3 M,
respectively, and for PTRX 0.014 and 0.4 M, respectively.
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(49) Sellergren, BMakromol. Chem1989 190, 2703-2711.
(50) Shea, K. J.; Spivak, D. A.; Sellergren, B.Am. Chem. S0d.993

; 115, 3368-3369.
TRX > TMP > DIP. The presence of multimolecular complexes (51) Matsui, J.: Higashi, M.; Takeuchi, J. Am. Chem. So@00Q 122,

complicates a quantitative evaluation of the titration curves. 5»1g-5219.
However, a lower estimate of the formation constants of the (52) Sajonz, P.; Kele, M.; Zhong, G.; Sellergren, B.; Guiochon]JG.
m le 1:1 complex n raphicall rmin Chromatogr., A1998 810 1—17.
th0§t stable fth compie test.ca ]P'\eAEAap cally d?e t Eg(yas (53) Chen, Y.; Kele, M.; Sajonz, P.; Sellergren, B.; GuiochonA@al.

e InV(.EI’SE (0] € concentration o Corres'pon Ing .0 0 Chem.1999 71, 928-938.
saturation of the 2-Nbiprotons!” These values increase inthe (54) The limited solubility of TRX precluded obtaining isotherms for
order DIP 200 M1, TMP 222 M1, and TRX 460 M, thus thl?Stse)mv‘\)/ﬁie in éhesl\?l s\;)IvFe{ntds.‘ e Vil P Vulfeon. E.

H H H - Itcomobe, M. J.; Rodriguez, M. E.; Villar, P.; vulison, E. N.

also in the qrdelr of increasing ba_SI?Ity of the templates. Am. Chem. Sod995 117 7105-7111.

The plots in Figures 4 and 5 exhibit other interesting features.  (56) viatakis, G.; Andersson, L. |.; Mier, R.; Mosbach, KNature1993
Several of the protons of TMP, not directly involved in 361 645-647. _ _
complexation with MAA, are significantly shifted and saturated AC;%”Q?"S?X{‘Q;S'52'\"5%8@;1;/5"""'5' G.. Mosbach, Kroc. Natl.
at lower concentrations than those of the amino groups. The (55'3) Un'qp|éb'y’ R. J.. IIl: Bode, M.: Shimizu, K. DAnalyst200Q 125,

directions of the shifts are different from those of TRX. Thus, 1261-1265.
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Table 2. Binding Parameters Determined by Scatchard Analysis of Adsorption Isotherms Obtained from Batch Partitioning Experiments

MIP blank A(MIP — blanky
template site class Ka(M™1) N (umol/g) Ka(M™1) N (umol/g) Ka(M™1) N (umol/g)

TMP (MeCN) 1 2.7x 10¢ 27 8.2x 1(? 71 4.2x 10¢ 20
2 2.6x 10° 116 4.6x 1C° 62

TMP (CHCE) 1 5.2x 10 29 2.3x 17 110 6.4x 10* 25
2 1.2x 10° 130 2.5x 10° 68

DIP (MeCN) 1 2.1x 10° 10 3.3x 10* 7 3.4x 10° 6
24x 10° 65 7.3x 1% 69 2.4x 10 13

a2 The experiment was performed as described in the Experimental Section by equilibrating the polymers (5 mg) in a solution of the template in
acetonitrile or chloroform (0.5 mL) for 20 h at room temperature. The theoretical capacity of the MIPgisdity based on the amount added
template. The ion-exchange capacity, based on the amount of added MAA, sn&12) for all polymers. The association constarks) (and
specific capacity ) were determined from the slope agdntercept, respectively, of fitted lines obtained by least-squares regression of linear
regions of the corresponding Scatchard plots (for PTMP see Figure 6) assuming Langmuir mono or binary siteni@dels-Kan + KoN).
b Result from Scatchard plot of the isotherm obtained by subtracting the amount bound to the blank (nonimprinted) polymer (obtained by interpolation)
from the amount bound to the MIP.

700

main difference being the lowdt,’s and highemN of the class

2 sites of PTMP. In chloroform, the affinity is higher and the
parameters for the class 1 sites for PTMP are close to those
calculated for the differential plot. Also, in this case, the main
difference lies in the class 2 sites that are obviously diluted
with nonspecific sites. In view of the excess amount of MAA
used, it is likely that the nonspecific binding can be reduced,
without sacrificing the quality of the templated sites, by lowering
the concentration of MAA in the monomer mixture.

Chromatographic Retention in Aqueous Mobile Phasés

n/Cf 60
(mL/g)

500
>

[

y = -27,21x + 742,82
R = 0,8651
400 4

300
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h 1 ¥ - 0060 optimum solvent for rebinding to molecularly imprinted poly-
o & M : mers is strongly dependent on the tempPat&herefore, this
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has to be carefully optimized in terms of organic/aqueous ratio
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Figure 6. Scatchard plots of the isotherm data for TMP on PTMP
(diamonds) and PTMPBL (crosses) in acetonitrile. The association

and pH in order to fully exploit the MIP’s ability to recognize
a particular guest. A number of studies have shown that MIPs
can effectively recognize some guests in aqueous media with

constant K2) and specific binding capacityNj are determined from  equal or higher selectivity to that seen in organic mé#if:5%.60

the slope ang intercept, respectively, of fitted lines/C; = —Kn + This is due to a combination of specific hydrophobic and ionic

KaN) obtained by least-squares regression (equations and correlationdriving forces acting only in the binding to the MIP, often due

coefficients are shown). to suppression of nonspecific binding by various additffes.

blank polymers possess sites that can strongly interact with DIP Figure 7 Sh(.)WS the retention of DIP, Leu, a_md MTX in mobile
phases of different composition and pH using columns packed

but not with TMP. The reason for this is unclear, but it should *. . .
be noted that DIP contains additional basic sites not present in‘_NIth PDIP and PDIPBL. The solutes were selectively retained

T™MP in mobile phases containing either low or high aqueous contents
It is interesting to note the difference between the isotherms (Figure 7A), thus showing the typical bimodal retention behavior

of TMP and DIP in the same solvent (MeCN). Whereas the ‘?f previously reported MIPS'_ "? aqueous mobile phases with
isotherms for the blank polymers appear similar in the higher fiXed aqueous content, optimization of the pH is another
concentration intervalN = 71 and 69«mol/g andK, = 820 important experiment. DIP was poorly retaln_ed, bot_h on the MIP
and 730 M for PTMBBL and PDIPBL, respectively), PTMP and on the blank at IQW and high pH,. but in thg mtermedlate
exhibits a much larger difference between the imprinted and "@nge a strong retention was seen (Figurg. /% in previous
the blank polymer. This is clearly seen when plotting the systems where templates containing lﬁf_sted basic functional
difference in adsorbed amount of template to the imprinted and 90UPS were used, a maximum retention was observed at an
blank polymers at a fixed concentration of free template @Pparent pH near thekgvalue of the solute. Such dependence
(A(MIP — blank)). For TMP, this levels off at a value of was previously explained in terms of an ion-exchange prgﬁ%ess.
corresponding to a quantitative yield of templated sites while Thus, multiplication of the charge states of the softitesith
DIP exhibits the more typical isotherm showing a site yield of that of PDIP indicates whether forces of an attractive or
~250%. repulsive nature prevail between the polymer and the solute.
ThUS, PTMP seems to possess a |arge class of relativelyThiS Simple model adheres well to the eXperimental data.
uniform sites which contrasts with previously described systems Particularly interesting is the difference observed between MTX
using MAA as functional monomer. The following remarks and Leu. Since the latter develops negative charges at a lower
should be made. The yield of templated sites is quantitative for PH than MTX, retention decreases more rapidly with increasing
PTMP whereas PDIP exhibits a much lower site yield. This is PH. Due to this effect, the retention of Leu can be reduced by
qualitatively in agreement with results from the NMR titration ~adjusting the pH te-5, where MTX is still obviously selectively
and the basicity of the moleculeside suprg but probably, retained.
other factors also play a role. In view of the weaker nonspecific : :
binding, both site classes observed for PTMP appear to represenggfg)zlg‘f?t‘sogs' I. A.; Ramstrm, O.; Mosbach, KJ. Chromatogr., AL995
templated sites. The parameters determined for PTMP differs .

: - i (60) Andersson, L. IAnal. Chem1996 68, 111-117.
somewhat from those obtained from the differential plot, the  (61) Sellergren, B.; Shea, K. J. Chromatogr., AL993 654, 17—28.
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k' | SN\ O\ o Leu 10mM (Blank)

pH

Figure 7. Retention of DIP, Leu, and MTX on columns packed with
PDIP (MIP) and PDIPBL (blank) polymers using different mobile-
phase compositions: (A) MeCN/(potassium phosphate buffer, 0.02 M,
pH 3.0) XY, v/v); (B) MeCN/(potassium phosphate buffer, 0.02 M,
pH X) (20:80, v/v); (C) MeCN/(potassium phosphate buffer, 0.02 M,
pH X) (5:95, v/v). The capacity factor&'] were graphically estimated
from the peak maximums of the solutes (0 of 1 mM solutions or

in (B) and (C) 1 and 10 mM solutions, respectively). In (A), the
following retention data for PDIP fell outside the plotted window. DIP
and MTX were completely retained in 0 and 100% MeCN within the
time measured. Leu was retained wittk'af ~240 in 0% MeCN.

Conclusions

This work has introduced two new concepts to prepare MIPs

for complex target molecules. First, the use of MIPs targeted

Quaglia et al.

to be a viable approach to overcome the problems related to
target solubility, stability, and availability. Second, if the target

is known to bind to a biological receptor, the use of simple
inhibitors for the same receptor as templates may result in sites
capable of selectively binding the target molecule, also in
aqueous media. This emphasizes the analogy between the
synthetic and biological receptors.

Among the two imprinting approaches assessed to recognize
folic acid-related molecules, the use of organic-soluble pteridines
as templates appears so far to be the most promising. The
resulting materials retained folic acid and analogues with high
selectivity. In aqueous media, the chromatographic retention
behavior suggested that the recognition was driven by a
combination of specific hydrophobic and ionic forces. Another
important aspect of the work concerns the general recognition
mechanism in MIPs. The correlation between the template
basicity and the degree of solution complexation with the
selectivity and binding site capacity of the resulting MIPs argues
against the previously invoked cluster mo#fellhus, in the
studied concentration regime, the templated sites are most
probably monomolecular, containing one or two acid groups
positioned for rebinding at the two strongest sites of the guest
as depicted in Chart 4.

Important applications of such MIPs can be envisaged. In
collaboration with other groups, we are exploring the use of
these materials in new improved analytical protocols for the
commonly used cytostatic drug MT%. Moreover, the high
affinity exhibited by these phases for pteridines is interesting
in the light of the newly discovered importance of these
compounds as early markers for certain tunfér a third
approach to mimic the DHFR binding site, we are currently
exploring the efficacy of novel functional monomers to target
the L-glutamic acid substructufg.
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