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Synthesis and Screening of a Molecularly Imprinted Polymer Library
Targeted for Penicillin G

Josefine Cederfur,† Yuxin Pei,‡ Meng Zihui,§ and Maria Kempe*
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Molecular Biology, Biomedical Center, Lund UniVersity, SE-221 84 Lund, Sweden

ReceiVed July 15, 2002

A library of molecularly imprinted polymers (MIPs) was synthesized by radical bulk polymerization using
the â-lactam antibiotic penicillin G as the template. Diversity of the library was obtained by combining
various functionalized monomers and cross-linkers and by varying the stoichiometry and the concentration
of the components in the prepolymerization mixtures. The library was screened for selectivity to
penicillin G by a radioligand binding assay and was compared to a corresponding control library. The best
MIP candidate, showing the highest selectivity for penicillin G, was prepared from methacrylic acid and
trimethylolpropane trimethacrylate as the functionalized monomer and cross-linker, respectively. Cross-
reactivity studies with otherâ-lactam antibiotics showed a low cross-reactivity of penicillin V (15%),
ampicillin (16%), and amoxicillin (19%). Nafcillin and oxacillin showed less cross-reactivity (<1%). Cross-
reaction with a cephalosporin antibiotic (cephapirin) and structurally nonrelated antibiotics (chloramphenicol,
tetracycline, dapsone, and erythromycin) was less than 0.01%.

Introduction

Molecular imprinting is attracting a wide interest as a
viable method for the production of nanostructured materials
capable of molecular recognition. MIPs1 have found applica-
tion as stationary phases for chiral separations and solid-
phase extractions, as in vitro antibody mimics, as recognition
elements in sensors, and as catalysts of chemical reactions.2-13

The recognition sites are tailor-made in situ by self-assembly
of functionalized monomers and templates followed by
copolymerization with cross-linkers to form a polymer
network. The templates are subsequently extracted from the
imprinted polymer, leaving recognition sites complementary
in the positioning of functional groups and in shape. The
sites recognize and rebind the template molecule upon
reexposure.

In this paper, the preparation and screening of a MIP
library targeted against penicillin G (7) is described. Anti-
biotics previously imprinted and reported include
penicillin V, oxacillin, ampicillin, chloramphenicol, cy-
closporin A, erythromycin A, and oleandomycin.14-18 Since
the introduction of penicillin in 1941, antibiotics have been
used effectively to fight infectious diseases, both in humans
and in animals. In veterinary medicine, antibiotics are
administered for therapeutic and prophylactic treatment of
mastitis and respiratory and enteric diseases.19 The com-
pounds have also been applied as food additives for growth
promotion of livestock.20 A risk with widespread use of anti-

biotics is the development of antibiotic resistant bacterial
strains.21-24 Such strains might pose a threat to public health,
and concerns have been expressed that our future ability to
fight infectious diseases will be jeopardized with continued
unrestricted use of antibiotics. Other problems associated
with the presence of antibiotic residues in meat and milk
relate to the risk of allergic reactions in hypersensitive
individuals and inhibition of starter cultures in the dairy
industry.25

In an effort to address the problems associated with anti-
biotic residues in food, legislative authorities have pro-
hibited or restricted the use of antibiotic growth promoters
and the prophylactic use of certain antibiotics in some coun-
tries.26 Maximum permitted levels of antibiotics (MRLs) have
been defined by the European Commission and the FDA.
To be able to control the observance of prohibitions and re-
strictions, efficient methods for the detection of antibiotics
in foodstuff are needed. Current methods for their analysis
include microbial inhibition tests, enzymatic assays,
enzyme-linked immunoassays, and various chromatographic
methods.27-32 Several of the tests used for routine screening
of milk samples cannot discriminate between different
â-lactam antibiotics. The aim of the present paper was to
develop synthetic recognition elements selective for
penicillin G.

Results and Discussion

Only a few reports discussing the rational design of MIPs
have appeared.33-35 The majority of MIPs rather have been
prepared by intuition and trial and error. Because a large
number of parameters can be varied and optimized, a
combinatorial library approach seemed to be a viable strategy
in our search of optimal MIP materials selective for the target
molecule, penicillin G (7). To speed up the process, a high-
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throughput synthesis and screening method involving in situ
synthesis of monolithic MIP libraries on the bottom of HPLC
vials (often referred to as mini-MIPs) was applied initially.36-38

This approach was, however, abandoned since our system
proved to be unsuitable to automation due to solubility
difficulties and instability of the template. Monolithic
polymers, of a scale large enough to allow visual inspection
during preparation and polymerization, were synthesized
instead. After polymerization, the polymers were ground and
fractionated by sieving. Particles of the size range 25-50
µm were collected and extracted to remove penicillin G used
as the template. This large-scale approach was considerably
more time- and labor-consuming than the small-scale high-
throughput synthesis approach of mini-MIPs but in our hands
turned out to be more reliable for the chosen target molecule.

Penicillin G was administered therapeutically as a salt,
since the free acid (benzylpenicillinic acid) was unstable and
was inactivated by moisture/small amounts of water.39 For
this reason, the sodium salt was used as the template in this
study. Acetonitrile has previously been used successfully in
noncovalent molecular imprinting of a broad range of
templates and was the solvent of choice here. Penicillin G
was not soluble in pure acetonitrile but could be dissolved
in the presence of MAA (1) (Chart 1). Several other
functionalized monomers [i.e., MAM (2), HEMA (3),
4-vinylpyridine, 2-(diethylamino)ethyl methacrylate, and (ar-
vinylbenzyl)trimethylammonium chloride] were tested, but
their presence did not increase the solubility of penicillin G
in acetonitrile. MAA was therefore included in all of the
MIPs of the library described in this study. MAA is by far
the most widely used functionalized monomer in noncovalent
molecular imprinting and has been applied successfully with
a broad range of templates. The ratio between the compo-
nents of the polymerization mixture and the order of their
addition was critical for the solubility of penicillin G, and
many combinations tested resulted in either precipitation
during the self-assembly step or incomplete polymerization
(detailed in the Experimental Section).

MAA was used either as the sole functionalized monomer
or in combination with MAM (2) or HEMA (3). The func-
tionalized monomers were copolymerized with either TRIM
(4) or EDMA (5) as the cross-linking agent (Table 1).

A control library was synthesized by substituting Boc-L-
Phe-OH for penicillin G (6, Chart 2). In many reports, the
CPs have been prepared without any template. We chose to
include a nonrelated template to maintain, as far as possible,
similar physical characteristics of the polymer network (e.g.,

surface area, porosity, distribution of functional groups). This
was to ensure that the observed higher binding capacity of
the MIPs relative to the CPs was due to a true imprinting
effect and not caused by differences in intrinsic physical
characteristics of the polymers.

Chart 1. Structure of Functionalized Monomers and
Cross-Linkers

Table 1. Composition of MIP and CP Libraries,KMIP, and
KMIP/KCP

a,b

monomer and cross-linker (mmol)

MIP
MAA

(1)
MAM

(2)
HEMA

(3)
TRIM

(4)
EDMA

(5)
mL of

acetonitrile KMIP

KMIP/
KCP

1 8 8 5.2 0.64 10.0
2 10 10 7.5 0.49 9.4
3 10 15 7.5 1.27 12.9
4 10 20 7.5 0.75 7.6
5 10 30 7.5 1.94 11.9
6 10 40 8 1.86 35.3
7 10 50 7.5 1.78 27.9
8 16 16 6.1 0.52 6.8
9 24 24 6 0.56 13.5

10 24 24 12 1.56 20.8
11 32 32 12 0.54 12.9
12 32 32 20 1.50 17.3
13 10 60 10.2 2.03 18.3
14 14 70 8 1.17 7.2
15 14 70 10 1.56 6.7
16 14 70 14 1.86 21.4
17 14 70 18 0.35 11.4
18 10 2 20 10.7 0.23 3.11
19 10 4 20 10.7 0.23 2.11
20 10 6 20 10.7 0.64 8.49
21 10 6 48 33.6 0.96 7.04
22 10 8 20 10.7 0.20 1.37
23 10 10 20 10 0.19 1.17
24 10 10 60 30 0.92 9.33
25 10 10 80 40 0.49 3.99
26 10 2 100 30 0.08 0.87
27 10 4 100 30 0.15 1.99
28 10 6 100 30 0.10 0.80
29 10 8 100 30 0.12 1.64
30 10 10 40 20 0.49 3.99
31 10 10 80 24 0.15 3.59
32 10 10 120 35 0.49 2.79
33 10 11.6 100 30 0.14 1.81
34 10 5 15 7.2 0.23 3.7
35 10 6 12.4 5.7 0.32 6
36 10 6 16 7.7 0.39 6.1
37 10 6 28 13.6 0.69 13.2
38 10 6 32 15.5 0.59 7.8
39 10 8 18 8.7 0.32 10.2
40 10 10 20 10.5 0.67 4.1
41 10.4 6.4 24 11.6 0.64 8.5
42 11.6 6 20 9.6 0.64 4.3
43 10 2 36 10.2 0.45 7.0
44 10 2 48 13.6 0.41 6.4
45 10 2 50 7.1 0.52 6.8
46 10 2 60 17 0.56 6.5
47 11 2 72 20.4 0.54 7.15
48 11 2 84 23.8 0.47 5.41
49 14 4 90 25.5 0.61 8.1
50 14 8 110 31.2 0.47 5.4
51 14 10 120 33.9 0.45 6.0
52 14 12 130 36.8 0.43 4.9

a MIPs were prepared using 1 mmol of penicillin G; CPs were
prepared with 1 mmol of Boc-L-Phe-OH.b The partition coef-
ficients (KMIP and KCP) were calculated asK ) amount bound/
amount free.

Chart 2. Structure of Boc-Phe-OH
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The binding of penicillin G to the MIP and the CP libraries
was screened in a batch-wise radioligand binding assay with
3H-labeled penicillin G of a concentration in the range of
the MRL of penicillin G in milk. The partition coefficients,
KMIP andKCP (showing the partition of penicillin G between
the polymer [MIP or CP] and the solvent), were calculated
(Table 1). The relative partition coefficient (KMIP/KCP) was
used to identify the best MIP candidate.

Within the sublibrary of MIPs prepared with MAA as the
sole functionalized monomer (MIP 1-17 in Table 1),
MIP 6 showed the highest selectivity. This MIP was prepared
with TRIM as the cross-linker and molar ratios of template-
MAA -TRIM of 1:10:40. TRIM has previously been shown
to produce MIPs of high selectivity and load capacity.40

The ratios of the components of the MIPs in that report
were typically in a range comparable to those ofMIP 1 of
the library described here. With MIPs imprinted with
penicillin G, it was found that a higher degree of cross-
linking and a lower amount of porogen were more favorable.
The two studies can, however, not be directly compared since
the nature of both the templates (amino acid derivatives/
peptides vs pencillin G) and the porogens (chloroform vs
acetonitrile) is different. It is known that polymers prepared
using chloroform as the porogen in general have lower
surface area and pore volume than those prepared in
acetonitrile.41 This can be the reason that lower amounts of
acetonitrile were found to give MIPs of higher selectivity in
the present study.

Among the MIPs prepared with both MAA and MAM as
the functionalized monomers (MIP 18-33 in Table 1),
MIP 24 showed the highest selective binding of
penicillin G. The molar ratio of template-MAA -MAM -
TRIM was 1:10:10:60. MAM has previously been used
successfully as the sole functionalized monomer for the
preparation of MIPs selective for amino acid derivatives and
phenytoin.42,43 Those studies concluded that MAM forms
stronger hydrogen bonds than MAA with the template. In
our case, however, we could not use MAM as the sole
functionalized monomer since MAA was required to dissolve
the template. The bestter-polymer prepared with MAA and
HEMA as the functionalized monomers wasMIP 37. It was
prepared in molar ratios of 1:10:6:28 of template-MAA -
HEMA-TRIM.

MAA may not only have a beneficial effect on the
solubility of penicillin G in acetonitrile but can also be
responsible for degrading the template due to its instability
against acids. To ascertain that penicillin G was not degraded
to any significant extent in the polymerization mixture and
that intact molecules were imprinted, stability tests were
carried out on some of the formulations. Mixtures of
penicillin G, MAA, TRIM, and acetonitrile (in proportions
corresponding to those in the MIPs) were incubated and
analyzed by reversed-phase HPLC. In the test mixture
corresponding toMIP 11, which is the MIP with the highest
ratio of MAA:template, 5% of penicillin G had degraded
after 1.5 h. Analysis of the test mixture corresponding to
MIP 9, which had the highest ratio of MAA:acetonitrile,
revealed that 6% had degraded after 4.5 h. During the
polymerization, the mixtures started to gel immediately and

the mixtures were not fluid at all after 15 min. It is reasonable
to assume that the degradation is even slower in the solid
phase than in the solution test mixtures and that the majority
of molecules being imprinted is intact.MIP 6, which turned
out to be the best penicillin G selective MIP candidate in
the screening, was selected for competition studies with a
number of compounds representing different classes of
antibiotics. EC50 values were determined in competitive
binding experiments using various concentrations of nonla-
beled (cold) antibiotics competing with a fixed concentration
of radioactively labeled (hot) penicillin G. The cross-
reactivity of each antibiotic, i.e., the ratio of the EC50 value
of penicillin G to that of the competitor, is shown in Table
2. The largest competition was seen with penicillin V (8,
Chart 3), amoxicillin (9), and ampicillin (10), with cross-
reactivities of 15, 19, and 16%, respectively. These com-
pounds show structural similarities to penicillin G in that
they are all â-lactam antibiotics and are derivatives of
6-aminopenicillanic acid (13). The cross-reactivity of 6-ami-
nopenicillanic acid was 4%. Nafcillin (11) and oxacillin (12)
also belong to the same class of antibiotics but show less
cross-reaction (<1%). Cephapirin (14) is also aâ-lactam
antibiotic but differs from the others included in this study
in that it belongs to the cephalosporin antibiotics and is
derived from 7-aminocephalosporanic acid. No cross-reactiv-
ity could be detected with cephapirin within the concentra-
tion range studied. Antibiotics structurally nonrelated to
penicillin G were also investigated. These included chloram-
phenicol (15), tetracycline (16), dapsone (17), and erythro-
mycin (18). None of these showed any cross-reactivity within
the concentration range studied.

MIPs relying on hydrogen bonds for the molecular
recognition ability often lose their selective recognition in
aqueous media. The competitive binding assay ofMIP 6
shows that selective recognition was retained in acetonitrile
containing 1% of water. Because the final aim of this work
is to apply the MIPs to milk assays, the molecular recognition
properties in aqueous media are currently being investigated.
Milk samples will be treated with acetonitrile to precipitate
the proteins, and assays will be performed on the supernatant
to assess the usefulness of these MIPs toward the final aim
of the project.

Table 2. EC50 and Cross-Reactivity of Antibiotics
Competing with Penicillin G for the Binding toMIP 6

antibiotic
EC50

(nM)
cross-reactivity

(%)

penicillin G (7) 60 100
amoxicillin (9) 313 19
ampicillin (10) 370 16
penicillin V (8) 403 15
oxacillin (12) 15 270 <1
nafcillin (11) 196 300 <0.1
6-aminopenicillanic acid (13) 1612 4
cephapirin (14) NC <0.01
chloramphenicol (15) NC <0.01
tetracycline (16) NC <0.01
dapsone (17) NC <0.01
erythromycin (18) NC <0.01

a NC means that no competition was found within the concen-
tration range investigated.
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The synthesis of MIPs is a process involving a large
number of variables. We envisioned that a chemometric
approach should be a helpful tool to identify parameters of
importance and to optimize the synthesis protocols. Multi-
variate data analysis of apoly(MAA -co-TRIM) library has
therefore been carried out.44

Conclusions

A poly(MAA -co-TRIM) MIP selective for penicillin G
was selected from a MIP library by screening. Competitive
binding studies showed that the cross-reactivity ofâ-lactams
derived from 6-aminopenicillanic acid is higher with deriva-
tives showing structural similarities to penicillin G (i.e.,
penicillin V, amoxicillin, and ampicillin) than with deriva-
tives differing more in structure (i.e., nafcillin and oxacillin).
A cephalosporinâ-lactam (cephapirin) and antibiotics from
other classes (chloramphenicol, tetracycline, dapsone, and
erythromycin) did not compete at all with penicillin G for
the binding to the MIP.

Experimental Section

Materials. Penicillin G sodium salt, penicillin V, amox-
icillin, ampicillin, nafcillin sodium salt monohydrate, ox-
acillin sodium salt monohydrate, tetracycline, and cephapirin
sodium salt were purchased from Sigma (St. Louis, MO).
(-)-Erythromycin hydrate, chloramphenicol, dapsone, MAA,

HEMA, MAM, EDMA, TRIM, and ABCHC were from
Aldrich (Milwaukee, WI). AIBN was purchased from Acros
(Geel, Belgium). Boc-L-Phe-OH was from Advanced
ChemTech (Louisville, KY). Scintillation liquid Ecoscint A
was obtained from National Diagnostics (Hessle Hull,
England). [Phenyl-4(n)-3H]benzylpenicillin was from Am-
ersham Pharmacia (Uppsala, Sweden). Organic solvents (pa
grade) were from Merck (Darmstadt, Germany). Monomers
and cross-linkers were purified by chromatography using
either active carbon (particle size 0.25-1 mm) from Kebo
Lab (Spånga, Sweden) or inhibitor remover from Aldrich.

Synthesis of MIP Libraries. In a typical procedure,
1 mmol of penicillin G was weighed into a screw-cap
borosilicate glass tube and suspended by sonication in a
fraction of the total volume of acetonitrile. A fraction of the
MAA, enough to dissolve penicillin G, was added. The
remaining volume of acetonitrile was then added followed
by the remaining MAA and any additional functionalized
monomer (as specified in Table 1). Cross-linker (as specified
in Table 1) and initiator (2,2′-azobisisobutyronitrile or
ABCHC, 0.01 equiv of the total amount of functionalized
monomer(s) and cross-linker) were finally added. During
these steps, care had to be taken to not precipitate penicillin
G by adding the components in the order described above.
The amounts of the components are specified in Table 1.
The prepolymerization mixture was cooled on ice and purged
with a stream of nitrogen for 10 min. The copolymerization
was performed at 350 nm for 24 h at 4°C in a Rayonet
photochemical minireactor model RMR-600 (Branford, CT).
The bulk polymers were ground in a Retsch Ultra Centrifugal
Mill model ZM 100 (Haan, Germany). The ground particles
were wet-sieved in water using sieves from Retsch. Size
fractions of 25-50 µm were collected. To extract penicillin
G from the polymer network, the particles were incubated
with MeOH-HOAc (1:4, v/v) (3× 1 h + 16 h), MeOH (4
× 5 min + 1 h), CH3CN (2 × 30 min+ 16 h), and MeOH
(4 × 5 min). The first incubation (with MeOH-HOAc) was
done in an ultrasonic bath, and the rest were done on a
rotator. The particles were finally dried in a vacuum
overnight.

Synthesis of a CP Library.A library of CPs was prepared
following the same procedure as described for the MIP
library but substituting Boc-L-Phe-OH for penicillin G as
the template. For each MIP prepared, a corresponding CP
was prepared.

Screening of the Libraries for Binding to Penicillin G.
The binding of penicillin G to the MIP and control libraries
was screened by a batch-wise radioactive assay. MIPs
(1 mg) or CPs (1 mg) were incubated for 16 h on a shak-
ing table with 1 pmol of [phenyl-4(n)-3H]benzylpenicillin
in a total volume of 1 mL of CH3CN in microcentrifuge
tubes. After centrifugation (5 min, 14 000 rpm), 500µL of
the supernatant was withdrawn and added to 10 mL of
Ecoscint A scintillation liquid. Radioactivity was measured
by liquid scintillation counting using a Rackbeta 1219 counter
(LKB Wallac, Turku, Finland).

Radioligand Competitive Binding Assay of MIP 6.The
competition between penicillin G and the competitors
(penicillin V, ampicillin, amoxicillin, oxacillin, nafcillin,

Chart 3. Structure of Antibiotics
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6-aminopenicillanic acid, cephapirin, chloramphenicol, tet-
racycline, dapsone, and erythromycin) was determined in
radioligand competitive binding assays. A 0.1 mg amount
of MIP 6 was incubated for 16 h on a shaking table with
1 pmol of [phenyl-4(n)-3H]benzylpenicillin and 1 mL of
various concentrations of the competitors (1 nM-1 mM) in
CH3CN-H2O (99:1) in microcentrifuge tubes. After cen-
trifugation (5 min, 14 000 rpm), 500µL of the supernatant
was withdrawn and added to 10 mL of Ecoscint A scintil-
lation liquid. Radioactivity was measured by liquid scintil-
lation counting. Data were analyzed with GraphPad Prism
software (Graphpad Software, Inc., San Diego) to determine
EC50 values. The cross-reactivity was calculated as the ratio
of the EC50 value of penicillin G to that of the competitor.
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