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An “orthogonal” approach to molecularly imprinted polymers has been demonstrated using a crown ether derived monomer that does not
exhibit cross-reactivity with other functional monomers. This strategy provides multiple functional groups in the binding site of molecularly
imprinted polymers (MIPs) without unproductive interactions between functional monomers. The orthogonal functional group system was
shown to act cooperatively in MIPs to bind a template with higher selectivity than any of the individual functional monomers alone.

Molecularly imprinted polymers (MIPs) are typically for- linking monomer (usually ethylene glycol dimethacrylate).
mulated using one functional monomer, usually methacrylic After polymerization, the template is removed simply by
acid, for noncovalently formed MIPs. Noncovalent MIPs are extraction, leaving binding sites in the polymer that have a
formed by the strategy outlined in Scheme 1. Functional complementary array of functional groups inside a shape
selective cavity. Although this strategy has been very
successful, there are many templates for which methacrylic
Scheme 1 acid (MAA) alone is not sufficient. For example, amino acids

(and peptides) such as phenylalanine are zwitterionic and
’/7_’ ‘ polym.

are able to interact with both acidic and basic functionality.
In this case, it would be desirable to have polymer formula-
tion incorporating a basic functional monomer simultaneously
with methacrylic acid to complement both functional groups

on the template
l - ’ MIPs incorporating both MAA and a polymerizable zinc
porphyrin have been shown to exhibit cooperative effects
+ ’ leading to improved binding and selectivity.Similarly,
— combinations of MAA with the basic monomer 2-vinyl-
pyridine (2-VPY) have also exhibited improved MIP per-
- ’ formance in many casés. There is a risk, however, of

(1) Matsui, J.; Higashi, M.; Takeuchi, 0. Am. Chem. So€000,122,
5218-5219.
monomers are associated with a template via noncovalent % ngﬁ]sﬁon? o AT]d(i,_rlssl_oﬁnEI Icmrgsécctﬁziogrgeghseln—q%%
interactions, and this complex is copolymerized with cross- 58, 7562—7564.
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Table 1. Composition of MIP Formulatiords

| BF4 .
o functional monomers
O
3 / b ‘o OK\ /\O NH entry? 2-VPY® 2-DEMAY 18C6-MA® 18-crown-67 template
—NH

/ [/NHg+ j©/ 1 0.35 0.23

O o Ie} 2 0.39 0.39 0.26

o 3 0.38 0.38 0.25

o 1 4 0.38 0.38 0.23

1 5 0.38 0.38 0.25

2 a All quantities are in mmol. All formulations contained 5.0 mmol of
. EGDMA, 0.11 mmol of AIBN, and 1.7 mL of CHGI ° For each imprinted
Figure 1. polymer, a separate control polymer was made using the same formulation

without template® 2-VPY = 2-vinylpyridine.d 2-DEMA = 2-(dimethy-
lamino)ethyl methacrylateé.18C6-MA = 4'-aminobenzo-18-crown-6 meth-
acrylate.f 18-Crown-6 was purchased from Aldrich Chemical Co. and used

nonproductive interactions between the functional monomerswithout purification.
instead of with the template. A solution to this problem is
to use an orthogonal imprinting strategy, that is, using two . ]
(or more) noninteractive functional monomers that act for forming MIP pre-polymer complexes, and ultimately MIP
synergistically to optimize selectivity in MIPs. This strategy Pinding sites, with multiple functionality as illustrated in
has been employed by Whitcombe and co-workers, who Figure 1. _

demonstrated the use of mutually exclusive monomers for " this study, we set out to determine whether crown ether

binding to different parts of a template for aqueous imprint- monomer1 was effective for orthogonal imprinting of
ing.5 Another report of aqueous imprinting by Nicholls and phenylalaninei-phe).L-phe has both amine and carboxylate

co-workers makes use of combining an electrostatic and adroups that are in a zwitterionic state that require different
hydrophobic interaction to improve MIP selectivitydow- fur:lct}onfl dn:onomerls for.tchotmhplexmg egch. lSCﬁ'Mﬁ‘ was
ever, all reports of orthogonal imprinting in organic solvents anticipated to complex wi € ammonium groupqﬁ. e,

use a combination of covalent and noncovalent interactiohs. which was employed as the f[etrafluoroborate ammonium salt
The goal of this study was to devise the first orthogonal (2';:26'!35')' F_(()jr_nceomgls/ﬁr\l(g ;hez Cgrmbgi(g l?t;_r:g':g (I)f
functional group system for noncovalent molecular imprint- ;Zthécr-\lllz;]t)é p{; I2—D3ILZM-A) vv)asr u-s(etlj anci/ aconln z)are dy for
ing in organic solvents. We adopted a similar strategy y ! P

developed by de Mendoza and co-workers, who used theOptlmal selectivity. L-phe-BR alone was npt SPIL.'ble n
N L . . . chloroform (a good solvent for noncovalent imprinting), nor
combination of guanidinium functionality along with a crown

. was it solubilized by addition of 2-DEMA or 2-VPY.
ether moiety for a small molecule receptor toward phenyl-
s . T However, the presence of the crown ether monomer 18C6-
alanine!? The key to this combination is that crown ethers

. . . ) MA was able to solubilize -phe-BFR, both alone and in the
bind well to primary ammonium groups (and metal ions) resence of 2-DEMA or 2-VPY, forming a soluble organic
but do not interact other basic groups such as secondary an&) . S .
terti . t . d dsalt complex with the ammonium group. This extends the
ertiary amines, quaternary ammonium compounds, an concept of crown ether-assisted molecular imprinting intro-
guanidinium groups. TO. carry out this strategy, the crown duced for solubilizing MIP pre-polymer complex¥sTable
ether based functionalized monomer, é}-amlnobenzo—ls-l shows the formulations employed for formation of MIPs
crown-6 methacrylatel( 18C6-MA), shown in Figure 1, was compared in this study. Entry 1 imprintsphe-BR using
synthesized according to literati®&This neutral monomer only 18C6-MA: entries 2 and 3 imprint the same template
was anticipated to bind protonated primary amine groups '

) X X using 2-VPY or 2-DEMA, respectively, in the presence of
orthogonally with a number of basic functional monomers nonpolymerizable crown ether 18-crown-6. Entries 4 and 5

give the formulations for MIPs incorporating 18C6-MA

Ch(r‘é)m'\g(taggr’.lgé;gZlgmgssla_.—;s\g/\;/fng’ J.; Wang, Q. Zhu, [Biomed. combined with 2-VPY or 2-DEMA, respectively, used to
(5) Liibke, C.; Lubke, M.; Whitcombe, M. J.; Vulfson, E. Macro- elucidate whether cooperative interactions exist between
molecules2000, 33, 5098—5105. o 18C6-MA and the other two basic monomers.
195(9%),53%33'%’;%&” Andersson, H. S.; Nicholls, I Macromolecules Each of the MIPs was evaluated by HPLC for enantiose-
(7) Sellergren, B.; Andersson, ll. Org. Chem1990,55, 3381—3383. lective binding ofL.-phe-BR to determine which formulation
14(()%). Sellergren, B.; Shea, K. JetrahedronAsymmetn1994,5, 1403— works best and whether a combination of monomers
(9) Kugimiya, A.; Takeuchi, T.; Matsui, J.; Ikebukuro, K.; Yano, K.; improves molecular recognition (Table 2). The polymers
Karube, I.Anal. Lett. 1996,29, 1099—1107. were ground into powders and slurry packed into stainless
(10) Lubke, M.; Whitcombe, M. J.; Vulfson, E. N. Am. Chem. Soc. .
1998,120, 1334213348, steel HPLC columns, and retention ofor b-phe-BR was
(11) Klein, J. U.; Whitcombe, M. J.; Vulfson, E. Mngew. Chem., Int. determined separately using the mobile phase 96/4 MeCN/
Bd. 1999,38, 2057—2060. K,HPO,—H,PO; buffer, pH= 3.0, 100 mM. Entry 1 shows

(12) Galan, A.; Andreu, D.; Echavarren, A. M.; Prados, P.; de Mendoza,
J.J. Am. Chem. S0d.992,114, 1511-1512.

(13) Yagi, K.; Ruiz, J. A.; Sanchez, M. G4akromol. Chem., Rapid (14) Andersson, H. S.; Ramstrom, 0.Mol. Recognit1998,11, 103—
Commun1980,1, 263—268. 106.
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Table 2. Capacity Factors (k') and Separation Factofsfér
L- andp-Phe-BR Substrates Obtained from the Indicated
Polymer HPLC Stationary Phases

Table 3. Association Constants for Binary Functional
Monomer Combinatiorfs

association constant

entry polymer® k'L K'p o entry monomer 1 monomer 2 template (Ka) (MY

1 MIP(1) 2.95 2.85 1.04 1 18C6-MA 2-VPY no 0.0
non-MIP(1) 1.88 1.82 1.03 2 18C6-MA 2-DEMA no 0.0

2 MIPQ) 2.76 (5.20)°  2.59 (5.20) 1.07 (1.00) 3 18C6-MA  2-VPY yes 150 (140)°
non-MIP(2)  2.33(4.60)  2.25(4.60) 1.04 (1.00) 4 18C6-MA  2-DEMA yes 130 (70)

3 MIPQ) 0.74(1.90)  0.68(1.90) 1.09 (1.00) 5  2-VPY MAA no 9.9
non-MIP(3)  0.41(1.40)  0.41(1.40) 1.00 (1.00) 6 2DEMA  MAA no 11.0

4 MIP(4) 171 10.21 115 aMeasurements obtained Byl NMR titration using CDC{ provided in
non-MIP(4) ~ 10.0 9.8 1.02 the Supporting Informatior?. Values not in parentheses are based on 18C6-

5 MIP(5) 5.19 4.05 1.28 MA,; values in parentheses are based on monomer 2
non-MIP(5) 2.78 2.70 1.03

aFlow rate= 1.0 mL/min, injections were 5.0L of a 10 mM solution
of L- or p-Phe-BFR, mobile phase= acetonitrile/kkHPO,—H-PO, buffer
(PH = 3.0, 100 mM) 96/4; UV detection at 250 nfhMIP represents

imprinted polymer, non-MIP represents nonimprinted polymer; numbers
in parentheses refer to entries in Table 1 defining polymer compositions.

¢ Capacity factors (k') and separation factorg {n parentheses were
evaluated using the mobile-phase acetonitrifefRO,—H,P O, buffer (PH
= 3.0, 100 mM) 98/2.

formulations of MAA and 2-DEMA or 2-VPY, which suffer
strong intermolecular interactions. The association constants
shown in Table 3 show no association between the crown
ether monomer 18C6-MA and either 2-VPY or 2-DEMA
(entries 1 and 2). Thus, there is no interference of 18C6-
MA with any of the other monomers, eliminating any risk
of nonproductive interactions between functional monomers.

the results for the MIP using only the crown ether monomer Therefore, the productive interactions between monomers and

1, which displayed only a slight enantioselectivity for the
template as indicated by the value close to one. This is

template indicated by NMR titrations in the presence of
template (entries 3 and 4) are maximized for optimal

similar to entries 2 and 3 which correspond to MIPs made Performance. On the other hand, there is a considerable

using 2-VPY or 2-DEMA, respectively, in the presence of
crown ether 18-crown-6 (in nonpolymerizable form) to aid

association of basic monomers 2-VPY and 2-DEMA with
methacrylic acid (entries 5 and 6). If the functional monomers

solubility. These polymers were further investigated using a bind each other in the MIP formulation, the amount of

less polar mobile phase (acetonitrilgllO,—H,PO, buffer,
pH = 3.0, 100mM) 98/2); however, there was no improve-

complex between the template and these functional mono-
mers will be lowered significantly leading to nonoptimal MIP

ment in selectivity. In contrast, when MIPs are synthesized performance.

using both themonomeric crown ether (18C6-MA) in
conjunction with 2-VPY or 2-DMA, good enantioselectivity

The performance of molecularly imprinted polymers is
generally limited by use of a single functional group to

is achieved as shown in entries 4 and 5, respectively. Thesechieve binding or catalysis. Future development of MIPs
data support a cooperative binding model where selectivity Will benefit from employing several different functional

depends on the simultaneous interaction of the template withgroups that can act cooperatively to obtain binding, selectiv-
both the amine-based functional monomer and the crownity, or catalysis in the same way enzymes and antibodies

ether-based functional monomer (Figure 1) positioned com-

plementarily within the polymer-binding site. An interesting
observation is that the MIP using the 2-VPY/18C6-MAA
combination shows higher enantioselectivity (i.e., higlher

value) than the MIP made with 2-DEMA/18C6-MAA. On

are known to do. Thus MIP formulations using several
different functional monomers will continue to be vigorously
investigated to achieve the capabilities of proteins. However,
the challenge for MIP formulations is to limit nonproductive
interactions between functional monomers that will interfere

the other hand, the phenylalanine substrate binds strongetvith the desired template complex. Based on known small-

to the imprinted polymer with 2-DEMA/18C6-MAA than
to the polymer imprinted with the monomer combination

molecule receptor designs, we have developed an orthogonal
binary functional group system that acts in concert in MIPs

2-VPY/18C6-MAA, as seen by the greater values in capacity to bind a template without forming random complexes. This

factor (i.e., higherk' value). It appears that the 2-VPY
provides a more structurally defined site using directional
binding interactions versus 2-DEMA which acts as a point
charge with no directional binding interactiot¥s.

To verify the 18C6-MA participates orthogonally in MIP
formulations along with 2-DEMA or 2-VPY, we carried
NMR titration experiments with 18C6-MA/2-DEMA and
18C6-MA/2-VPY in chloroform. This was compared to

(15) Spivak, D. A.; Shea, K. J. Am. Chem. S0d.997,119, 4388—
4393.
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system provides simultaneous pre-polymer complexing in-
teractions with acidic and primary ammonium groups on a
template, which should have general application to many
other templates. In addition, for templates such as zwitter-
ionic phenylalanine normally only soluble in water, this
binary functional group system is able to form complexes
that are soluble in organic media for facilitating the imprint-
ing process.
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