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The quality of molecularly imprinted polymers depends on the ability to form molecule-specific
recognition sites within the host gel. We investigate the imprinting quality of cross-linked polymer networks
using molecular dynamics simulations through a topological analysis of the imprinted network configuration
before and after removal of the templates. We define a measure for the quality of the imprinted polymer
on the basis of the shape and size of the imprinting-induced binding sites. Low qualities of the imprinted
gels are attributed to aggregation of the templates in the prepolymerization solution, aggregation of the
imprinting-induced sites with small pores inherent to the gel, and deformation of the binding sites due
to relaxation of the gel after removal of the templates. The formation of distinct individual cavities that
retain the size and shape of the template is enhanced by high degrees of cross-linking and low template
concentrations, in agreement with experimental observations.

1. Introduction small number of research groups focus on characterizing and
understanding the mechanisms underlying formation of
MIPs,~27 with practically all of them concentrating mainly
on template-functional monomer rattés!” and the nature

of the binding site interaction€; 2> with only minor treat-
ment of the macro- and microstructure of the porous
network’~1! It has become apparent that the quantity and
quality of MIP recognition sites is a direct function of the
nature and extent of the monomdemplate interactions
present in the prepolymerization mixture. Whereas binding-
assay studies are used to characterize the functionality of
the formed imprinted cavities, structural studies are necessary

Molecular imprinting is a simple technique that can, in
principle, achieve molecule-specific recognition on the basis
of morphology and/or stereochemistry. The most versatile
technique, developed by Mosbatlnvolves noncovalent
binding and rebinding of the molecular-recognition agents
to the imprinted cavities of the molecularly imprinted
polymer (MIP), as illustrated in Figure 1.

Molecular imprinting has gained substantial attention as
a means for achieving functional materials for applications,
including molecule-specific separatiof catalysis’ and
chiral technologie8.In particular, the existence of a large
number of functional groups in a small volume of material (8) Shea, K. J.; Dougherty, T. K. Am. Chem. Sod.986 108 1091.
makes MIPS important or use in biological and pharma- (9 Shee K3, S, 0. 0 b Crem, sedea i a2,
ceutical application$/ such as the use of entrapped proteins M.; Magan, N.; Baggiani, C.; Piletsky, S. ARiosens. Bioelectron.
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mance (rebinding ability) of the imprinted gel rely on careful (14) Chen, W. Y.; Chen, C. S.; Lin, F. Y. Chromatogr., 2001, 923 1.
tailoring of the physical and chemical nature of the monomers 823 éigﬁ,el\ll’vi.?ﬁ.‘];.izgrlﬂ:il’:é,}%].I;_éﬂaelg/rsdtiog?é?%nlg& N.H. O'Brien. T. P.
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reaction and its affect on the porous structure, and the (17) gﬁrglunlfi,J-lzgl\gghgllg,zls.?.;Lindbladh,C.;Mosbach,ﬂﬁoorg- Med.
indi il ; i it em. Lett , .
rebinding ability of the imprinted cavities. A notable 18) Sellergren, B.: Lepisto, M.: Mosbach, K. Am. Chem. Sod.988

drawback with recognition-based applications of MIPs is the 110, 5853.

i inh-affini i i (19) Andersson, L. I.; Muller, R.; Vlatakis, G.; Mosbach, Rroc. Natl.
low yields of high-affinity sites. Regrettably, only a relatively Acad, Sci. U.S.AL095 92, 4788,
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Figure 1. Schematic of the three main steps of molecular imprinting: (1) Functional monomers (f) are allowed to self-assemble around the template (T).
(2) Polymerization and cross-linking of the monomers (M) around the template-functional monomer complex proceeds until a rigid gel is formed. (3)
Extraction (rebinding) of the template from (to) the imprinted binding sites.

in order to characterize the influence of size and shape onpreparation of a MIP8 In this work, we study the structure
imprinting performance. A reason for the lack of structural of polymer gels made up of tetrafunctional monomers formed
studies is the problematic analysis of the porous structurein the presence of rigid dumbbell-like nonfunctional tem-
of the MIP, which is not amenable to X-ray crystallography plates using molecular dynamics simulations. We simulate
or microscopic techniques because of its amorphous andthe gelation of monomers in the presence of the templates
heterogeneous nature. Thus, little is known about the followed by relaxation of the gel once the templates have
molecular-level events that determine the imprinting quality been removed. We compare the distribution of the templates
and performance. with the formed binding sites before and after network
Several general guidelines for fabricating stable imprinted relaxation and obtain a measure for the quality of imprinting.
gels emerge from these studies: It is generally believed thatTo concentrate on structural changes in the structure of
highly cross-linked (76-90%) rigid polymers are needed to imprinted cavities due to removal of the templates, we
maximize binding-site integrity, yet some degree of flexibility neglect specific molecular interactions between the templates,
is needed to allow for rebinding of the imprinting agent. In cross-linkers, and monomers. Such issues will be taken up
fact, it has become apparent that lower degrees of cross-in later studies.
linking that result in more flexible materials can also display =~ The remainder of the paper is organized as follows. In
significant affinity toward the print molecul&$.%° In ad- section 2, we describe our simulation method used to
dition, it has been observed that the difficulty in fabricating generate the imprinted gel. We detail the algorithm used to
imprinted materials increases with increasing concentration characterize the structure of the gel at various stages of the

and size of the imprinting agent. simulation. In section 3, we present and discuss our results.
Theoretical models of MIPs have mainly focused on We introduce a simple measure for the quality of the
qualitative thermodynamic and kinetic argumé#isto shed imprinted gel and analyze the different mechanisms that lead

light on observed recognition behavior or have suggestedto poor imprinting qualities. We offer concluding remarks
new imprinting method&33 Our group has been involved in section 4.

in the structural characterization of MIPs using statistical

thermodynamic modef¥:3® We also studied the effects of 2. Methodology

the size of the 'mprmtmg z_agent (templfite) _ar_'d SOIVent 2.1. Molecular Dynamics Simulation.It has become apparent
template—monome_r 'n_teraCt'(_)ns on the imprinting quality that two key features that reduce the quality of MIPs are the
using a reaction kinetics lattice modél. insufficient complexation of print molecules with the functional
Computational studies are even less prevalent in the monomers in the prepolymerization step and the relaxation of the
literature. Recently, an ab initio simulation was used to study polymer network once the print molecules have been removed.
the binding energy between the monomer and template. Whereas the former leads to low functional specificity, local
Molecular dynamics simulations were used to screen betweenrelaxation leads to lower shape complementarity between the
a large number of functional monomers to select those thatbinding sites and print molecules. In this work, we focus on the

interact most with the template, which were chosen for the latter, in hopes of elucidating the factors leading to poor shape
recognition. Furthermore, we do not consider other factors, such

28) Yil E.- Mosbach. K. Haupt. Kanal. G 1999 36, 167 as solvent, local temperature gradients, and phase separation induced
gzgg Y'umg_z.’ M'o’sbgghalii CHm:ﬁﬁdgr"%bqug‘%uga 436, 167. by uneven distribution of cross-links. These contributions are
(30) Yilmaz, E.; Mosbach, K.; Haupt, KAnal. Commun1999 36, 167. expected to reinforce the results observed with the current simplified
(31) Nicholls, I. A.; Adbo, K.; Andersson, H. S.; Andersson, P. O.; simulations.

Ankarloo, J.; Hedin-Dahlstrom, J.; Jokela, P.; Karlsson, J. G.; Olofsson, Arai
L. Rosengren, J.; Shoravi, S.: Svenson, J.: Wikmarrgl. Chim. We adapt the Gen_P8Ipackage, a coarse-grained molecular

Acta 2001, 435 9. dynamics simulation of polymers, to simulate polymerization and
(32) Pande, V. S.; Grosberg, A. Y.; TanakaPToc. Natl. Acad. Sci. U.S.A. cross-linking of the functional monomers around nonfunctional
1994 91, 12976 dumbbell-like dimeric print molecules. Gen_Pol allows for the

(33) Enoki, T.; Tanaka, K.; Watanabe, T.; Oya, T.; Sakiyama, T.; Takeoka, _ . . .
Y.: Ito, K.; Wang, G. Q.; Annaka, M.; Hara, K.: Du, R.; Chuang, J.;  efficient generation of concentrated polymer solutions using a Monte

Wasserman, K.; Grosberg, A. Y.; Masamune, S.; Tanak&hys. Carlo procedure based on the canonical ensemble. The solution is

Rev. Lett. 200Q 85, 5000. then equilibrated by a standard microcanonical molecular dynamics
(34) Srebnik, S.; Lev, OJ. Chem. Phys2002 116, 10967.
(35) Srebnik, S.; Lev, O.; Avnir, DChem. Mater2001, 13, 811.
(36) Srebnik, SChem. Mater2004 16, 883. (38) Subrahmanyam, S.; Piletsky, S. A.; Piletska, E. V.; Chen, B. N.; Karim,
(37) Wu, L. Q.; Sun, B. W,; Li, Y. Z.; Chang, W. BAnalyst2003 128, K.; Turner, A. P. F.Biosens. Bioelectror2001, 16, 631.

944. (39) Kroger, M.Comput. Phys. Commut999 118 278.
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routine that integrates Newton’s equations of motion using the
standard Verlet algorithm. We modified the package to simulate
heterogeneous solutions and cross-linking.

In our current study, we consider the simple problem of rigid
dimers as the imprinting agent, or template, for elucidating basic
physics governing poor imprinting quality due to network relaxation.
The monomers making up both the template and polymer are
modeled as Lennard-Jones (LJ) spheres with raditiiat interact
through short-range forces of streng#), truncated at a short
distance to impose mainly repulsive interactions.

0\6  (o\l .
U= 46[(?) - (F) ?I — Up(rewd if 1= 1o Uy(r) =
0ifr>rg, (1)

The bonds between neighboring monomers obey the Fene potential
and harmonic cosine bending potential, respectively

r

Urenel$) = — kRS |n(1 - (RO)Z) if 1 < Ry, Upgnelr) =
wifr=R, (2)

Upend?) = %K(COSH — cosf,)? 3)
wherek is the spring constanRy is the equilibrium bond length,

« is the bending constant, artly is the equilibrium angle. All
parameters are provided in LJ units, such that distances are
normalized by the LJ parameter corresponding to monomer size,
o (e.g., CH or SiQ,), and energies are normalized by the LJ
parametek. Molecular masses are normalized by the monomer’s
atomic mass.

Initially, the monomers and print molecules are randomly placed
in the simulation box. The solution is equilibrated, and cross-linking
is performed to the desired degree of cross-linkindglonomers
of quadruple functionality are considered. The cross-linking sites

Chem. Mater., Vol. 18, No. 3, 200%

the configurational space is stored in a one-dimensional binary array
of length M, where M is the number of grid cells. Once the
preliminary binary occupancy image has been created, the porous
structure is analyzed in terms of pore connectivity and bottlenecks,
which are used to determine pore size. The algorithm consists of
first identifying individual pores, defined by bottlenecks according
to a specified criterion. The algorithm automatically stores the
number of cells belonging to each pore and their spatial location.
Subsequently, the pore-size distribution and any other spatial
characteristics of the porous structure are easily obtained.

3. Results and Discussion

In this work, we consider imprinting according only to
shape and size. Our goal is to examine the effects of template
size and the degree of cross-linking on imprinting quality,
determined by the deformation of the imprinted polymer
network and degree of aggregation of the templates. The
following discussion analyzes the results of simulation runs
of polymerization and cross-linking of 456@950 tetrafunc-
tional monomers, in the presence of 2260 template
molecules made of 2 monomers each. The degree of cross-
linking is varied between 50 and 90%. The average density
is 1.0023in all simulations. The simulated imprinting process
begins with the equilibration of the functional monomers in
the presence of the templates followed by cross-linking and
equilibration. Subsequently, the templates are removed, and
the system is once again equilibrated.

In our analysis of the porous structure, we divide the
cavities in the material into three types: (1) template-induced
binding sites that retain the shape and size of the imprinting
agent, (2) “background” pores present in the gel because of
inherent local density fluctuations in the polymer gel, and

are randomly chosen between monomers that are in proximity. This(3) cavities induced by rearrangement of the imprinted

process corresponds, for example, to instantaneous cross-linkin
by irradiation or by other means, whereby a fraction of all
monomers at a distance on the order of(i.e., contacting
monomers) cross-link irreversibly. Though in practice the chain-
building monomers are difunctional, cross-linking monomers are
in general chosen to have reactivites similar to that of the chain-
building monomers in order to produce a homogeneous network
with spatially even cross-linking density. The angles between the

g'oinding sites after equilibration of the gel once the templates

have been removed. To differentiate between these types of
cavities, we follow the final molecular configuration as well
as the equilibrated configuration before the templates are
removed. Our analysis is carried out by projecting the off-
lattice configuration onto a fine lattice (as described in
Methodology). Comparison between these images enables

cross-linked monomers obey eqs 2 and 3. The system is equilibratedthe differentiation between the two types of template-induced

before and after the templates are removed.

2.2. Characterization of the Imprinted Gel. Several parameters
determine the efficiency, or ability of the imprinting process to retain
characteristics complementary to the templates, including a rigid
polymer gel (obtained through a high degree of cross-linking),
aggregation of the templates, and relaxation of the polymer after
removal of the templates. To estimate the efficiency of the
imprinting process, we investigate the overall pore-size distribution
and the imprinting-induced binding-site distribution, as well as the
spatial arrangement of the templates.

We study the effects of the equilibrium process as a function of ¢
various parameters by analyzing equilibrium configurations of the t

gel before and after removal of the print molecules. The following
algorithm was developed to identify and characterize the pore
structure of the resulting gel configuratioh&irst, the molecular
configuration, obtained from the simulation as a set of coordinates
of the centers of molecules, is transformed into a binary image by

partitioning the simulation box into a grid of a specified mesh size. t

Cells that overlap with particles are labeled as 1, whereas cells
that do not overlap with particles are labeled as 0. In this manner,

binding sites (types 1 and 3) as well as the reorganization
of background pores, thereby obtaining an accurate pore-
size distribution and a measure of the imprinting quality.

The pore-size distributions for various template concentra-
tions and degrees of cross-linking are shown in Figure 2.
For comparison, distributions of the degree of aggregation
of the imprinting molecules before their removal are shown
in Figure 3. All distributions presented are averages over 10
simulation runs. From the plots in Figure 2, it is apparent
hat in the case of 70 and 90% cross-links at all concentra-
ions (15% concentration of templates being a possible
exception), the maximum pore-size distribution is, as ex-
pected, equal to the size of a single templatey2vhereas
in the case of 50% cross-links, a significant concentration
of small pores that are an order of magnitude smaller than
he templates exists, particularly at concentrations less than
5%. In all three cases, high template capacities result in
extremely poor imprinting, indicated by low concentrations
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Figure 2. Size distributions of cavities obtained from simulated configura- Figure 3. Degree of aggregation of templates at different percent
tions at different percent compositions of imprinting molecules each having compositions, each having a volume ofZthe size of a template aggregate
a volume of 2*. The cavity size is normalized by the size of an imprinting  in relation to the size of a template); (a) 50% polymer cross-linking, (b)
molecule: (a) 50% polymer cross-linking, (b) 70% polymer cross-linking,  70% polymer cross-linking, and (c) 90% polymer cross-linking.

and (c) 90% polymer cross-linking.

emerges is the following: During cross-linking, a large

of template-sized cavities combined with a high tendency . o
fraction of monomers are forced to link in a frozen

to form very large cavities. Another clear trend that is ) : : e
common to Figure 2ac is the decreased quality of the MIPs conformation, leading to constrained bonds, especially in the

(measured here by pore volume only, without shape con- vicinity of the templates. Thgs, local fluctuations in the.
siderations) with increased template capacities. This trendMonomer and template densities are enhanced because high
has also been observed experiment#ly. monomer density areas are cross-linked, whereas monomers

In case of a very high degree of cross-linking (90%) we in the vicinity of templates are less likely to cross-link.
observe the formation of increasingly larger cavities, presum- Equilibration of the system after template removal leads to
ably formed by large template aggregates as the concentratiorf€laxation of the network, where cavities formed by template
of imprinting molecules is increased. Indeed, Figure 2 reveals aggregates may reshape to smaller ones for low degrees of
that a high degree of cross-linking appears to increasecross-linking, resulting in smaller overall pore sizes. Highly
aggregation, particularly at high template fractions. This, cross-linked gels, however, retain the shape of the template-
however, is an artifact of the analysis according to pore size induced cavities, including large ones formed by template
without considering the shape of the pores. The picture thataggregates.
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An interesting trend is observed by comparing Figures 2 Template Concentration (%v/v)

and 3 for lower degrees of cross-linking (500%). The Figure 6. _Concentrgtion of cavities in the imprinted solid that are greater
fraction of pores that correspond to a template molecule ;har&_}pe size of a single tempil_ate_ as a function of template concentration,
or different degrees of cross-linking.
equals the fraction of templates that are not aggregated for
intermediate template concentrations5(—9%). However, Therefore, we calculate an additional quantity, that
as we argue below, this again is a result of the breaking of provides a measure of imprinting quality on the basis of the
large pores into smaller ones during the final equilibration size and shape of the imprinting-induced pores
of the template-free network.
AIth_ough the_ d@stributions in_ Figure 3 in general are %quﬁ % 100 (5)
guantitatively similar for the different degrees of cross- Vim
linking, those in Figure 2 are not. Apparently, postequili-
bration of the System after removal of the temp|ates WherEUqf is the volume of the cavities of tal’geted size and
significantly alters the pore structure. The pore-size distribu- Shape, i.e., potential binding sites. Qualities of the imprinting
tions in the absence of the templates appear to lead to aProcess, calculated according to egs 4 and 5 as a function of
dramatically lower maximal imprinting quality as the degree the template concentration ratio, are plotted in panels a and
of cross-linking is increased, particularly for high template b of Figure 4, respectively.
concentrations. A physical explanation for this trend can be As can be observed from Figure 4a, there is an optimum
obtained when the shapes of the imprinting-induced cavities Value of the percent composition of the imprinting molecules
are considered in addition to their volumes. at which quality is maximal, which decreases with increasing
First, we define a measure for the quality of the imprinting degrees of cross-linking. We notice similar trends for
processp, through the ratio of the real volume of cavities imprinting quality when the cavity size and shape are
of approximate targeted size (|n our ana|ysi5 below, a rangeaCCOUnted for. However, Comparison between the two plOtS
of 0.5(20% to 1.5(2°) was admitted)y,, to the real total (4a and 4b) reveals that the overall imprinting quality is

volume of |mpr|nt|ng moleculesjm, present in the prepara- decreased at all degrees of CrOSS-Iinking and for the entire
tion solution range of template concentrations tested when both the size

and shape of the imprinting-induced cavities are taken into
account but less so with an increasing degree of cross-linking.
Significantly, ¢ approachesqgy at 90% cross-links, as
expected, because highly cross-linked gels are rigid and thus
However, it is not sufficient to consider only pore size, retain their structure.

because, as we shall show, network relaxation may lead to Thus, from our discussion of Figures—2, we can
cavities with the targeted volume (that are not necessarily conclude that pore-size distribution is an insufficient measure
imprinting-induced) but not the shape of the template. for imprinting quality, and may in fact be misleading. That

U,
%0, = U—q x 100 (4)

im
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(a) (b) I
Figure 7. lllustration of pore formation and deformation during different stages of the imprinting process at a 50% degree of cross-linking. (a) Two
different cavities form around template clusters and a single template after cross-linking; (b) significant deformation of the templatedniiydsd c

observed after template removal, mainly for the aggregate, resulting in a large pore that will show poor recognition. Gray indicates pores itye to dens
fluctuations of the gel; red indicates templates prior to their removal, and blue indicates template-induced cavities after equilibration.

Figure 8. lllustration of cavity formation and deformation during different stages of the imprinting process at a 90% degree of cross-linking. (a) Two
templates connected through narrow channels after cross-linking of the polymer; (b) removal of the templates does not lead to significaondeftienati
cavities. Gray indicates pores due to density fluctuations of the gel; red indicates templates prior to their removal, and blue indicatendeicgdate-i
cavities after equilibration.

is, Figure 2 suggests that a much smaller fraction of pores The observation in Figure 6 that the fraction of large
retain the desired volume at 90% cross-linking than at 50 cavities increases with template concentration but is larger
and 70%. However, when both pore size and shape arefor higher degrees of cross-linking allows us to conclude
considered, we find that 90% cross-linked networks show that relaxation of the less-rigid networks leads to the breaking
the best imprinting quality. of large cavities (which are induced by template aggregates)
To clarify the process that leads to cavity formation and into smaller ones, some of which correspond in size to a
deformation, we examine the degree of aggregation of the single template molecule, giving the appearance of a higher

templates. We define an aggregation paramekgr,which imprinting quality at a lower degree of cross-linking if only
measures the degree of aggregation such that cavity size is considered. This is illustrated in Figures 7 and
8, in which the formation and deformation of specific cavities
d = z agag’ag ©6) were followed through the various equilibration steps in our
m Vim simulation.

From our analysis, it is apparent that the shifpofoward
higher template concentrations with decreasing degrees of
cross-linking (albeit with decreasing overall quality), as seen
in Figure 4, is due to two opposing processes: (1) aggrega-
tion of templates, which increases with template concentra-

wherenyg is the number of aggregated groups of sizg
(>20°% and v, is the total volume of the templates. The
aggregation parametel,, which represents the total frac-
tional volume of template aggregates, is plotted as a function

of te;mylalilte concerrl]tre:ctlt%n ratio in I?ggre 5 I?or cqtrnparlrs]on, tion, and (2) relaxation of the network, which decreases with
We Inciude a graph ot the concentrations of cavities Whose increasing degree of cross-linking. That is, by relaxing

slze Its gre?;ert:]hazrlr:hit of 6} stlnglehtem'&late n F|%ure 6.1t fthe bigger cavities formed from template aggregates, the gel
IS noteworthy that the templates show the same degree Olyq ., mes jess strained; however, this relaxation is inhibited
aggregation at all degrees of cross-linking considered. by higher degrees of cross-linking

Clearly, template aggregation occurs prior to the polymer-
ization process and does not continue once the gel has
formed. It may be further concluded that even at 50% cross-
links, spatial rearrangement of the templates within the gel  Successful molecular imprinting requires the presence of
is limited to local movements. The trend of increasing a sufficient number of binding sites of a particular targeted
template complexation with increasing capacities might shape and size. In practice, & B50% imprinting concentra-

explain the observed increased nonspecific binding of tion ratio is usett with an efficiency as low as 15% (i.e.,

templates? only 15% of the binding sites show retake of the template).

4. Conclusions
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We find that aggregation of the templates in the prepoly- involves clusters of template molecules being packed into
merization solution contributes significantly to poor imprint- the binding sit¢? this may not suffice when molecule-
ing qualities, leading to imprinting qualities of +A5%, specific recognition is required. These results are significant
which is nearly independent of the degree of cross-linking for applications such as binding assays, imprinted hydro-
at concentration ratios af 10%. Lower template capacities gels?’ or bulk separations, where it is becoming apparent
suffer significantly from local rearrangement of the cavities that greater flexibility can improve the imprinting concentra-
at lower degrees of cross-linking, resulting in significant tion ratio.

deformation of the binding sites and lower imprinting In future work, we will examine the role of functional sites
qualities. While some degree of the shape complementarityon imprinting quality. We expect functionality to increase
exhibited by the imprinted polymer arises from cross-linking, imprinting quality by impeding aggregation but also to
it is apparent that other factors must be included in order to decrease quality, as not all cavities will be fully func-
have precise control over the structure of the imprinted tional 193036

cavities. Our analysis suggests that effective imprinting
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