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Robust molecular recognition elements can be pro-
duced by the copolymerization of commodity monomers,
for example methacrylic acid, vinylpyridine, and acry-
lamide, with methacrylate-based cross-linking mono-
mers in the presence of a template molecule.! This
approach has been used to generate porous materials
exhibiting pronounced recognition for a large variety of
template structures. Conditions that are optimal for
generating the templated binding sites at a molecular
level often lead to undesirable properties at the nano-
or microscopic level, that is, undesirable pore sizes,
surface areas, and swelling properties.2 Structural
control at both length scales is of particular importance
for larger template molecules, which can only access the
surface of larger mesopores or macropores. Approaches
to confine the binding sites to highly accessible domains
of the polymer matrix are therefore being assessed.3~7
One of these consists of the grafting of the polymers to*
or froms® porous supports with well-defined particle size
and shape, pore systems, and pore size distributions.
Another means of confining templated sites to accessible
surfaces is through hierarchical templated synthesis.5~7
Thus, immobilization of a template on the surface of a
porous silica mold and polymerization in the mold
followed by dissolution of the silica results in a “mirror
image” pore system containing binding sites uniquely
residing at the surface.” Here, we report the first
application of hierarchical imprinting to produce meth-
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Figure 1. Approach used to prepare surface-confined templated
sites for structures containing the adenine or triaminopyrimidine
functionality.

acrylate-based mesoporous beads useful for chromato-
graphic applications.® These feature surface-confined
binding sites for adenine or triaminopyrimidine, which
are also capable of recognizing larger structures con-
taining the template functionality.

The template precursors, 9-(2-bromoethyl)adenine
and 6-chloro-2,4-diaminopyrimidine (CDAP), were im-
mobilized by reaction with the amino groups of porous
silica particles (11.5-nm average pore diameter) modi-
fied with aminopropyl(triethoxy)silane (APS) (Figure 1).
Under the employed coupling conditions the coverage
of surface template molecules corresponded to a 2%
conversion of the reactive silanol groups (8 umol/m?) on
the surface. This implies that the template molecules
are separated by an average distance of ~3 nm, which
should be sufficient for complete separation of the
templated sites. The pore system of the silica was
completely filled with a mixture of ethyleneglycol
dimethacrylate (83%), methacrylic acid (17%), and dis-
solved initiator (Figure 1(i)) by repeated vacuum-
nitrogen purge cycles. Polymerization was then per-
formed by heating the particles to 60 °C over a period
of 24 h and the silica template subsequently dissolved
by treatment of the composite particles in (NHz)HF;
solution over a 4-day period (Figure 1(ii)). The resulting
mass loss (=50%) and the elemental composition of the
polymers indicated that this treatment successfully
removed the majority of the silica template. The result-
ing polymer particles exhibit a structure and morphol-
ogy similar to the “mirror image” of the original silica
template. Thus, the SEM micrographs show spherical
particles with an average diameter close to the original
silica particles used as a template (Figure 2A,B).

The high surface area (293 m2/(g for P-TAP) and
mesoporosity are also close to those of the precursor
particles (350 m2/g). Particularly striking is the narrow
pore size distribution observed, around 8—9 nm, which
stands in stark contrast to the broad distribution
observed for the conventional bulk materials.? Further-
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Figure 2. Scanning electron micrographs of the precursor silica template (A) and of P-TAP after dissolution of the silica template
(B). The micrographs were obtained using a Zeiss DSM 962 (Zeiss, Oberkochen, Germany) at a magnification of 10 000x. (C) and
(D) show fluorescence micrographs of P-9EA before (C) and after (D) dissolution of the silica template. The particles were post-
labeled with 3-aminoquinoline as indicated and studied using a Fluorescence Microscope Leica DM R HC (Leica Microsystems

Ltd., Bensheim, Germany).

more, the low bulk swelling factors (<1.15 (mL/mL) in
acetonitrile) imply that the materials have a relatively
homogeneous distribution of cross-links; this is also in
contrast to the bulk-imprinted counterparts. To inves-
tigate the accessibility of the carboxylic acid functional
groups on the surface, these were fluorescently labeled
by reaction with 3-aminoquinoline. The labeled particles
were then studied with respect to the distribution of the
fluorescence intensity between and within the particles.
Only weak intensity was observed after labeling the
particles still containing the silica template (Figure 2C).
This efficiently blocks access to the carboxylic acid
groups. However, particles no longer containing the
silica template exhibited a strong fluorescence, indica-
tive of a high accessibility of the surface carboxylic acid
groups (Figure 2D).

The particles were slurry-packed in columns and
assessed in the liquid chromatographic mode for their
ability to retain the templates and analogues, including
the DNA bases and corresponding nucleotides. When
an organic-based mobile phase system (acetonitrile/

acetic acid: 99/1 (v/v)) was used, the imprinted polymers
exhibited a clear selectivity for the template and ana-
logues (Figure 3).

Thus, 9-ethyladenine (9EA) was retained ~3.5 times
more on P-9EA than on the non-imprinted polymer
P—N. Likewise, triaminopyrimidine (TAP) was retained
~3 times more on P-TAP than on P—N. Both of the
imprinted polymers selectively retained purines and
pyrimidines containing exocyclic amino groups common
to the template structures, whereas the non-related
bases uracil and thymine were weakly retained with
lower selectivity. More direct evidence for the fidelity
of the binding sites is given by the cross-retentitivity
observed for 9EA and TAP. Thus, both templates are
more retained on their complementary polymers than
on the analogue-imprinted polymer. Free adenine,
however, is more retained on P-TAP than on P-9EA.
This can be explained considering the anticipated
orientation of the carboxylic acid groups in the binding
sites. The predominant interactions between the im-
mobilized templates and carboxylic acids in aprotic
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Figure 3. Retention of templates and structural analogues
injected (10 uL of 1 mM stock solutions) on columns (50 x 5
mm) packed with P-9EA, P-TAP, or P—N using a mobile phase
of acetonitrile/acetic acid 99/1 (v/v) and a flow rate of 1.0 mL/
min. The retention was calculated as the capacity factor, k' =
(t — to)/to where to is the elution time of the void marker
acetone. The selectivity is reflected in the imprinting factor
IF (inserted diagram. Example for P-9EA: K'o_oea/
K'-_n)- P—N was synthesized analogous to P- 9EA and P TAP
but using APS-modified silica as the template.

media, based on previously characterized homogeneous
systems,1011 have been indicated in Figure 1. From this
it is seen that the carboxylic acid group interacting with
the pyrimidine ring nitrogen ortho to the site of coupling
of TAP may offer complementary hydrogen-bonding
interactions to both N3 and H9 of adenine. The polymers
also showed selectivity for larger template analogues.?
Thus, when an aqueous mobile phase (phosphate buffer
(20 mM, pH 3) containing 5% acetonitrile) was used,
P-TAP retained the 2,4-diaminopteridine drug meth-
otrexate with an IF of 1.5.

When the traditional monolith-imprinting proce-
dure was used, the strong solution complexation be-
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tween carboxylic acids and 9EA and the TAP analogue
trimethoprim promote a high yield of strong, highly
discriminating templated binding sites.}1713 This system
serves as an excellent reference system for comparison
with the retention data observed here. Overall, the
hierarchically imprinted polymers exhibit lower selec-
tivity than the monolith counterpart. Whereas the
monolithic molecularly imprinted polymers (MIPs) for
9EA exclusively retain adenine derivatives, the hierar-
chical MIPs exhibit a considerably broader selectivity
and lower imprinting factors. This is a reasonable
consequence of the steric hindrance caused by the
coupling to the silica surface, which prevents comple-
mentary interactions to develop at this point. Moreover,
the fluoride treatment may to some extent degrade the
templated sites, although monolithic MIPs appear stable
toward similar treatments.

We are presently taking advantage of the accessible
configuration of the hierarchically imprinted sites to
achieve selective retention of larger molecules contain-
ing the template substructure.
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